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1. Introduction 
1.1 Gametogenesis 
In sexually reproducing species offspring production arise from the fusion of gametes (sperm 
and egg). Gametogenesis in mammals is a complex process which produces haploid 
gametes that carry half of the genetic material of the parents. Primordial germ cells-PGCs 
(outside of the gonads) and germ cells (inside gonads) serve as the diploid precursors of 
haploid spermatozoa or eggs. The genetic material is halved during gametogenesis, which is 
important for maintining the correct ploidy of the organisms, as haploid sperm fuses with a 
haploid egg to form a diploid cell (zygote) at fertilization.  
During mouse embryonic development PGCs appear in the epiblast at embryonic day 6 (E6) 
and they migrate to the developing genital ridge, which will constitute the gonads, at E11. 
Germ cells go through several mitotic cell divisions and differentiate into sperm or eggs after 
their migration into the gonads. The development into sperm is known as spermatogenesis 
whereas the development into eggs or oocytes is known as oogenesis.    
Male germ cell differentiation takes place in the seminiferous tubules of testes and consists 
of 3 main stages: i) spermatogonia proliferation, ii) meiosis of spermatocytes and iii) 
spermiogenesis, maturation of spermatids into spermatozoa. In male mice, 4 days after birth 
(days postpartum - dpp) germ cells differentiate into type A spermatogonial stem cells while 
maintaining the ability of self-renewal. Further differentiation and mitotic divisions lead to the 
production of type B spermatogonia. Final mitotic division of type B spermatogonia produces 
preleptotene spermatocytes and after a last round of DNA replication cells enter meiotic 
prophase. After prophase I, spermatocytes progress through two consecutive cell divisions 
generating haploid round spermatids. In the ensuing spermiogenesis, round spermatids are 
subjected to morphological changes including nucleus condensation, acrosome formation, 
sperm tail generation and removal of most of the cytoplasm. Mature spermatozoa are the 
end products of the whole procedure.  
In mouse, the differentiation process from spermatogonia stem cells to mature spermatozoa 
takes 34.5 days (spermatogonia stages last for 8 days, meiosis 13 days, and another 13.5 
days for spermiogenesis) (Gilbert, 2014).        
In adult males several waves of spermatogenesis occur simultaneously, thus seminiferous 
tubules contain germ cells at different developmental stages. Each seminiferous epithelial 
cycle in mouse last for 8.6 days and 12 different stages (I-XII), based on defined cell 
associations, can be distinguished in a cross section of a seminiferous tubule (Figure 1). 
Spermiation occurs into the lumen of the tubule and the initiation of the next round of 
spermatogenesis at the basal layer. The most important somatic cells for testis are Sertoli 
cells and they are responsible for regulation of spermatogenesis. Other important cells of 
1
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physical connection between homologs. These physical connections, which are called 
crossovers (COs), and cytologically observed as chiasmata, are formed after reciprocal 
exchange of genetic material between homologs. Crossovers are needed to permit correct 
chromosome segregation in the first meiotic division (Kim et al., 2016).      
During meiotic prophase I, homologous chromosomes pair and synapse through a meiosis-
specific proteinaceous structure, called synaptonemal complex (SC) (Figure 2). The SC is a 
zipper-like protein complex consisting of: i) axial elements/chromosome axis (AEs), ii) central 
element (CE) and iii) transverse filaments (TF). It has been proposed that each sister 
chromatid is organized into an array of loops and AEs are built around the core of the 
chromosomes where the loops are anchored (Zickler and Kleckner, 2015). The main 
structural components of AEs are SYCP3 and SYCP2, both of them being required for the 
assembly of fully developed AEs (Yang et al., 2006; Yuan et al., 2000). AEs are known as 
lateral elements (LEs) upon chromosome pairing. Synapsis between homologous 
chromosomes occurs when the N terminal heads of the SYCP1 transverse filaments proteins 
connect head-to-head along the entire length of the two LEs and the central element is 
formed in the middle (Hernandez-Hernandez et al., 2016; Liu et al., 1996). To date five 
proteins have been identified within CE: SYCE1, SYCE2 and SYCE3, TEX12 and 
C14ORF39/SIX6OS1 (Costa et al., 2005; Gomez et al., 2016; Hamer et al., 2006; Schramm 
et al., 2011).   
The level of axis and SC formation can be used to subdivide meiotic prophase I into five 
sequential stages: leptotene, zygotene, pachytene, diplotene and diakinesis (Alberts, 2014) 
(Figure 2). Prophase starts with leptotene where an accumulation of AEs along each 
chromosome is observed. Cytologically, short stretches of chromosome axis can be 
identified. During zygotene, chromosome axes elongate and homologous chromosomes 
align and pair. Synapsis is initiated and can be visualized by the deposition of SYCP1 
(marker for TFs) that links LEs of the two paired homologs. By pachytene stage SC is fully 
formed and homologous chromosome axes are completely synapsed. Whereas in oocytes all 
chromosomes, both autosomes and sex chromosomes, are fully synapsed in this stage, in 
spermatocytes, there is a difference. X and Y sex chromosomes synapse only in the short 
homologous pseudoautosomal region (PAR) and the rest of their length remain unsynapsed. 
At diplotene, LEs remain intact while CE and TFs start to disassemble and as a result 
homologous chromosomes start to desynapse. Diakinesis is the final stage of prophase 
where homologous chromosomes are highly condensed, axis components are detected only 
at centromeres and homologous chromosomes are held together by chiasmata.           
3
 
 
 
 
Figure 2: An overview of meiotic prophase I 
(A) DNA replication during pre-meiotic S phase. Sister DNA strands are held together by cohesins. (B) 
During leptotene stage, double-strand breaks (DSBs, depicted in red circles) are introduced into the 
DNA and a proteinaceous axial core (green-axial elements) is started to form along sister chromatid 
DNA. (C) Chromosome axes elongate during zygotene stage and homologous chromosomes begin to 
synapse through transverse filaments forming the synaptonemal complex. (D) At pachytene stage 
synapsis is completed and DSBs are repaired. Some of the DSBs are repaired and mature into 
crossovers (at least one crossover per chromosome pair). (E) Synaptonemal complex starts to 
disassemble at diplotene stage and homologous chromosomes desynapse. (F) Diakinesis is the final 
stage of prophase I where axial elements are detected only on centromeres and homologous 
chromosomes are held together by the crossovers. Modified from (Burgoyne et al., 2009)  
 
1.2.1 Meiotic recombination 
Meiotic recombination is initiated by the programmed formation of DNA double strand breaks 
(DSBs). In mammalian meiotic cells approximately 200-300 DSBs are introduced by the 
evolutionary conserved topoisomerase-like enzyme SPO11 which has been suggested to act 
in a complex with another conserved protein, TOPOVIBL (Baudat et al., 2000; Keeney et al., 
1997; Robert et al., 2016; Romanienko and Camerini-Otero, 2000). Two isoforms of SPO11 
(SPO11a and SPO11b) are expressed both in humans and mice. (Baudat et al., 2013). 
Based on their temporal expression, it has been proposed that SPO11b alone (early 
expression in meiosis) generates most of the DSBs, whereas SPO11a (expressed later) is 
also needed for late DSBs and sex chromosome recombination (Kauppi et al., 2011).  
SPO11 activity depends on a partially conserved set of auxiliary proteins (de Massy, 2013b). 
In mice, pre-DSB recombinosomes (protein complexes) are formed along the unsynapsed 
chromosome axes consist of three conserved and essential DSB-promoting proteins; MEI4, 
REC114 and IHO1 (de Massy, 2013b; Kumar et al., 2010; Kumar et al., 2015; Kumar et al., 
2018; Stanzione et al., 2016). The meiosis specific HORMA-domain protein 1 (HORMAD1) is 
needed for the efficient formation and for stabilization of the recombinosomes (Kumar et al., 
2015). These complexes are important for DSB formation by activating SPO11 on axes 
4
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(Panizza et al., 2011). Furthermore, another meiotic expressed protein, MEI1, has been 
suggested to be involved in meiotic recombination, as Mei1 defective meiocytes show 
impaired DSB formation (Libby et al., 2002; Libby et al., 2003).  
At the site of breaks, 5’ ends of DNA are covalently linked to SPO11, creating a protein-DNA 
intermediate (Figure 3a). Endonucleolytic cleavage of these intermediates, by MRN complex 
(Inagaki et al., 2016), release SPO11 attached to short oligonucleotides (Spo11-oligos). 
Spo11-oligo complexes are relatively stable and can be used to assess DSB levels (Neale et 
al., 2005). Bidirectional processing of nicks by EXO1 exonuclease (5′–3′ direction away from 
the DSB) and MRE11 (3′–5′ direction towards the DSB end) generates 3΄ single strand DNA 
tails (ssDNA) (Garcia et al., 2011). RPA protein covers ssDNA tails and prevents the 
formation of secondary structures. Then RecA homologs, RAD51 and the meiosis-specific 
DMC1 form nucleoprotein filaments on ssDNA and the extension of the filaments lead to the 
displacement of RPA (Krogh and Symington, 2004; Mikhailov et al., 2004; Shinohara and 
Shinohara, 2004). The filaments promote strand invasion into homologous duplex DNA and 
repair synthesis is initiated. The complementary DNA strand is displaced by the invading 
strand and a displacement loop is formed (known as D-loop) (Figure 3a).  
There are alternative pathways of repair. The first involves extension of the invading strand 
followed by displacement of the invading strand and re-annealing with the opposite side of 
DSB. Further repair and ligation leads to a non-crossover (NCO) event in a process called 
synthesis-dependent strand annealing (SDSA) (Figure 3b). Alternatively, the invading strand 
can be extended even longer, a larger D-loop is formed and eventually the displaced strand 
anneals to the second 3’ resected strand of the DSB. In this way a joint molecule (JM) is 
created between two chromatids (Figure 3c). Joint molecules can be cleaved by structure-
specific endonucleases and processed to form crossovers (Figure 3f). If JMs are not cleaved, 
a double Holiday junction (dHJ) is formed which can be resolved either symmetrically 
creating non-crossovers or asymmetrically creating crossovers (Figure 3e) (Gray and Cohen, 
2016). 
Most of the DSBs are repaired as non-crossovers but it is important that at least one break 
per homolog pair is repaired as a crossover (obligate crossover) which allows the successful 
completion of the first meiotic division.    
Two types of crossovers (class-I and class-II) can be identified based on the pathways that 
are produced from. Class-I crossovers depend on the eukaryotic homologous of mismatch 
repair proteins (MMR), MutS (MSH) and MutL (MLH) complexes. The majority of the 
crossovers (90-95%) are produced by this pathway. MutSγ complex (MSH4-MSH5 
heterodimer) appears at recombination intermediates and forms a sliding clamp which can 
translocate along the DNA, allowing the recruitment of extra MutSγ clamps. MutSγ is known 
to associate with another complex called MutLγ (MLH1-MLH3 heterodimer) which is thought 
 
 
 
to mark future crossover sites. The balanced action of the SUMO ligase RNF212 and the 
ubiquitin ligase HEI10 lead to the differential stabilization of recombination factors at 
crossover and non-crossover sites (Qiao et al., 2014; Reynolds et al., 2013). Class-II 
crossovers, account for 5-10% of crossovers in mouse, are formed by structure-specific 
endonucleases such as MUS81.       
 
 
Figure 3: Overview of meiotic recombination 
(A) Initiation of recombination and introduction of double-strand breaks (DSBs) by SPO11 enzyme. 
Upon DNA cleavage, SPO11-oligonucleotide complexes are released and nucleolytic resection of 
DSB ends generates single stranded DNA (ssDNA). RecA homologs, Rad51 and Dmc1, facilitate the 
invasion of ssDNA ends into homologous sequences and a displacement D-loop is formed. (B) The 
invading strand can be extended, then displaced and re-annealed to the opposite side of DSB leading 
to a noncrossover event. This process is known as synthesis-dependent strand annealing (SDSA). (C) 
Alternatively, the invading strand can be further extended creating a larger D-loop. In turn the 
displaced strand anneals to the other 3΄ resected end, and a double Holiday junction (dHJ) is formed. 
(D) dHJs can be migrated towards to each other by the actions of a helicase and a topoisomerase, 
and eventually, a noncrossover event can take place. (E) As an alternative, dHJs can be resolved 
either symmetrically leading to a noncrossover event or asymmetrically leading to a crossover event. 
dHJ resolution is heavily biased toward crossovers, and this pathway is thought to be responsible for 
most crossovers in meiosis. (F) structure-specific endonucleases can process joint molecule 
intermediates to generate a crossover. Adapted from (Gray and Cohen, 2016).       
6
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PRDM9 has been found in vertebrates but not in all of them. Moreover fungi and plants are 
also missing PRDM9 protein (Baker et al., 2017; Grey et al., 2018). The fact that some 
organisms are lacking PRDM9 indicates that there are two alternative mechanisms of meiotic 
recombination initiation. It has been shown that PRDM9 directs away recombination 
machinery from transcription starting sites (TSS) and other functional genomic elements that 
are enriched for H3K4me3 independent of PRDM9 (Brick et al., 2012) (Figure 4). In PRDM9-
deficient cells meiosis is initiated normally but the distribution of recombination sites changes 
and shifts to the so called “default sites”. Prdm9 knockout mice are sterile due to severe 
impairment of DSB repair process and deficient pairing of homologous chromosomes, 
showing a meiotic arrest at pachytene stage (Hayashi et al., 2005). PRDM9 designates the 
hotspots in the mouse genome with the exception of the pseudo-autosomal region (PAR) of 
X and Y chromosomes (Brick et al., 2012).  
 
1.2.2.2 Meiotic surveillance mechanisms 
Histone methyl marks deposited by PRDM9 promote local nucleosome reorganization and 
lead to the targeting of DSB machinery to these sites. DNA breaks trigger DNA damage 
response (DDR) by activating proteins such as ATM (ataxia telangiectasia mutated protein) 
and ATR (ATM and Rad3-related) kinases both of which phosphorylate histone variant H2AX 
at serine 139 (γH2AX) as part of DDR. ATM is activated by MRE11 complex and DSBs to 
trigger a negative feedback loop that inhibits further DSB formation (Lange et al., 2011). ATR 
is activated by RPA-coated ssDNA with the assistance of ATRIP and Rad9-Rad1-Hus1 
proteins (9-1-1 complex) (Bellani et al., 2005; Burgoyne et al., 2009; Marechal and Zou, 
2013; Royo et al., 2013). In addition, ATR is also activated by unsynapsed chromosome 
axes, HORMA-domain containing proteins 1 and 2 sense asynapsis and promote localization 
of ATR and ATR cofactors like ATRIP, TOPBP1 and BRCA1 on unsynapsed chromosome 
axes (Daniel et al., 2011; Refolio et al., 2011; Wojtasz et al., 2012). ATR signaling is 
amplified and spread on chromatin surrounding unsynapsed axes.  This signal amplification 
involves γH2AX in chromatin loops of unsynapsed chromosome axes, and is mediated by 
MDC1 protein (mediator of DNA damage checkpoint 1) through a positive feedback loop with 
the TOPBP1 (an ATR activator) and ATR (Ichijima et al., 2011).      
DSB resection promotes ATR activation and regulates the functions of ATM and ATR. 
Increased amounts of ssDNA after resected DNA ends are not recognised effciently by ATM 
and there is a switch from an ATM to an ATR-activating mode. Effector kinases like CHK1 
and CHK2 are phosphorylated by ATM and ATR activating the DNA damage response 
signaling pathway (Marechal and Zou, 2013).   
In the beginning of prophase where DSBs breaks are formed there is a pan-nuclear staining 
of γH2AX. Therefore γH2AX can be used as a marker for DSB formation. While breaks are 
8
 
 
 
repaired and homologous chromosomes start to synapse, γH2AX levels decrease. By 
pachytene stage where all autosomes are synapsed, γH2AX covers only the heterologous X 
and Y chromosomes, forming a subnuclear compartment known as sex body (Bellani et al., 
2005; Fernandez-Capetillo et al., 2003). In this way sex chromosomes undergo 
transcriptional inactivation and become silenced in a process known as meiotic sex 
chromosome inactivation (MSCI). It has been shown that ATR is responsible for the 
phosphorylation of H2AX on sex chromosomes and that the accumulation of ATR depends 
on the tumor suppressor protein BRCA1 (Breast cancer 1, early onset) (Turner et al., 2004). 
MSCI is important for male fertility as cells that fail to silence sex chromosomes show an 
arrest at mid-pachytene stage. It has been hypothesized that sex chromosomes need to be 
inactivated as there are some sex chromosome-linked genes whose expression at 
pachytene stage is toxic for spermatocytes (Royo et al., 2010; Royo et al., 2015).   
In principle, both in males and females, there is a more general mechanism that silences 
unsynapsed chromosomes, called meiotic silence of unsynapsed chromatin (MSUC). This 
mechanism shares the same properties with MSCI, meaning that ATR is recruited on 
unsynapsed chromosomes leading to the phosphorylation of H2AX and eventually to 
chromosome silencing. Both in MSUC and MSCI, phosphorylation of H2AX does not depend 
on ATM (Turner et al., 2005). It is obvious that there are two waves of H2AX 
phosphorylation. The first is ATM-dependent and is associated with the introduction of DSBs, 
while the second is ATR-dependent and triggered by unsynapsed chromosomes and 
processed but unrepaired DSBs.    
 
1.3 Unique properties of XY recombination 
Unlike autosomes or female sex chromosomes, male XY chromosomes share little 
homology, thus pairing and recombination is more challenging in this case. The homology 
region (PAR) in mouse X and Y chromosomes is relative small spanning approximately 
700kb (Perry et al., 2001). Within this short region at least one DSB must form so as a 
crossover will engage sex chromosomes leading to a proper segregation during the first 
meiotic division. The unusually long chromosome axes and the shorter chromatin loops of 
PAR are most probably responsible for the higher DSB density (10 to 110 fold) in comparison 
with autosomes (Kauppi et al., 2011; Lange et al., 2016). This structural organization of the 
PAR is characterized by a strong accumulation of PRDM9-independent H3K4me3 marks 
(Brick et al., 2012). It has been shown that PARs introduce DSBs later than autosomes and 
undergo delayed homologous pairing. In a previous section of the introduction it was 
mentioned that DSBs are introduced by the conserved topoisomerase SPO11. There are two 
variants of this protein, SPO11a and SPO11b, with the first being involved in PAR DSB 
formation and recombination (Kauppi et al., 2011). Another distinct characteristic of the 
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heterologous sex chromosomes is that due to their large unsynapsed regions they become 
transcriptionally silenced. Sex chromosomes are covered by DNA damage response proteins 
and form a unique chromatin structure, the sex body (Bellani et al., 2005; Fernandez-
Capetillo et al., 2003) which is critical for male meiosis and fertility. It is clear that 
spermatocytes developed several mechanisms to ensure faithful recombination of X and Y 
chromosomes and progression through prophase I, as defects in sex chromosome chromatin 
organization and/or recombination will lead in arrest and cell death.     
 
1.4 Sex chromatin associated structure: The dense body 
In the nucleus of the spermatocytes in Chinese hamster a structure often associated with sex 
chromosomes has been observed. Scientists named this structure “dense body” (DB) due to 
its high electron-density in electron microscopy (Dresser and Moses, 1980; Moens et al., 
2002; Takanari et al., 1982). DB has been also reported to be present in murine 
spermatocytes (from pachytene stage onwards), marked by FKBP6 protein (FK506 binding 
protein) (Crackower et al., 2003; Marcon et al., 2008) which is involved in PIWI-associated 
small RNAs (piRNA) biogenesis (Xiol et al., 2012). FKBP6 was the only protein known to 
localize in the DB, but it was not required for DB formation and it was not clear if FKBP6 
functions describe the function of the DB. Marcon et al. described that DB in mice is enriched 
in RNA (micro RNAs and piRNAs) and proteins while contains very little DNA as it is negative 
in DAPI staining (Marcon et al., 2008). Several roles were hypothesized for DB based on the 
nuclear localization and the enrichment in RNAs. miRNA pathways have been implicated in 
sex body formation (Modzelewski et al., 2012) and as DB is associated with sex 
chromosomes and contains miRNAs could possibly play a role in sex body formation and 
repression of sex chromosomes. Another possible role of DB could be the involvement in 
transposon suppression given that the main function of piRNAs is down regulation of 
transposons in the germline (Aravin et al., 2007; Carmell et al., 2007; Pillai and Chuma, 
2012; Watanabe et al., 2006). An alternative function for DB is that it might serve as a 
transcript storage body for future use in the upcoming stages (Marcon et al., 2008). In order 
to address the possible roles of DB in meiosis, the discovery and analysis of a structural 
component of the DB was needed.   
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1.5 Aim of the thesis 
Meiosis is a critical process in sexual reproducing organisms in which homologous 
chromosomes pair, synapse, recombine and segregate. All these events are tightly regulated 
and several proteins are needed to act together for successful completion of meiosis. Thus, 
finding novel genes that function during meiosis is challenging and of great importance. In 
our group in order to identify new meiotic players we performed i) gene expression profiling 
(using microarrays) and ii) RNA sequencing screen, in mouse gonads.  
Based on the expression profile we selected to study two novel previously uncharacterized 
genes. The selected genes, Scml1 (sex comb on midleg-like 1) and Ankrd31 (ankyrin repeat 
domain 31 were highly expressed during early prophase I stages. Thus we hypothesized that 
these genes could be implicated in meiotic recombination and could have an impact in 
meiosis and subsequently in gametogenesis. The ultimate goal of the present thesis was to 
elucidate the molecular mechanisms and the function of these proteins in mammalian 
meiosis.  
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Abstract Meiosis is a critical phase in the life cycle of sexu-
ally reproducing organisms. Chromosome numbers are halved
during meiosis, which requires meiosis-specific modification
of chromosome behaviour. Furthermore, suppression of trans-
posons is particularly important during meiosis to allow the
transmission of undamaged genomic information between
generations. Correspondingly, specialized genome defence
mechanisms and nuclear structures characterize the germ line
during meiosis. Survival of mammalian spermatocytes re-
quires that the sex chromosomes form a distinct silenced chro-
matin domain, called the sex body. An enigmatic spherical
DNA-negative structure, called the meiotic dense body, forms
in association with the sex body. The dense body contains
small non-coding RNAs including microRNAs and PIWI-
associated RNAs. These observations gave rise to specula-
tions that the dense body may be involved in sex body forma-
tion and or small non-coding RNA functions, e.g. the silenc-
ing of transposons. Nevertheless, the function of the dense
body has remained mysterious because no protein essential
for dense body formation has been reported yet. We discov-
ered that the polycomb-related sex comb on midleg-like 1
(SCML1) is a meiosis-specific protein and is an essential com-
ponent of the meiotic dense body. Despite abolished dense
body formation, Scml1-deficient mice are fertile and proficient
in sex body formation, transposon silencing and in timely
progression through meiosis and gametogenesis. Thus, we
conclude that dense body formation is not an essential com-
ponent of the gametogenetic program in the mammalian germ
line.
Keywords Dense body . piRNA . Transposon .Meiosis .
Polycomb
Introduction
Sexual reproduction in animals requires the generation of hap-
loid gametes from diploid germ cells by the specialized cell
division cycle of meiosis. The ploidy is halved because one
round of pre-meiotic DNA replication is followed by two
rounds of chromosome segregation during meiosis.
Homologous chromosomes and sister chromatids segregate
during the first and second rounds of meiotic nuclear divi-
sions, respectively. Orderly segregation of homologous chro-
mosomes requires that homologous chromosomes become
physically linked through inter-homologue crossovers during
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the first meiotic prophase (Page and Hawley 2003; Petronczki
et al. 2003). Crossovers are formed by amodified homologous
recombination pathway specific to meiosis (Baudat and de
Massy 2007; Hunter 2007). This entails the active generation
of DNA double strand breaks (DSBs), the use of resulting
DNA ends for homology search and the repair of DSBs with
the use of homologous chromosomes as repair template.
Importantly, homologous chromosomes must recognize each
other and their proteinaceous cores/axes must closely juxta-
pose as part of the recombination process. This alignment of
chromosome axes leads to the formation of a meiosis-specific
chromatin structure, the synaptonemal complex, which as-
sembles along each pair of homologous chromosomes as cells
progress to the pachytene stage of prophase (Baudat and de
Massy 2007; Hunter 2007; Page and Hawley 2003;
Petronczki et al. 2003). Efficient crossover formation depends
on synaptonemal complex formation during meiosis (Baudat
and de Massy 2007; de Vries et al. 2005; Hunter 2007). Thus,
each pair of homologous chromosomes must engage into syn-
apsis to ensure correct chromosome segregation during the
first meiotic division and to prevent generation of gametes
with incorrect chromosome sets. Accordingly, asynapsis is
monitored during meiosis, and persistent asynapsis seems to
trigger elimination of meiocytes in mammals (Burgoyne et al.
2009; Daniel et al. 2011; Kogo et al. 2012a, b; Mahadevaiah
et al. 2008;Wojtasz et al. 2012). Surveillance mechanisms that
eliminate asynaptic meiocytes involve the recruitment of ATR
activity specifically to unsynapsed chromosome regions. ATR
activity leads to the accumulation of a phosphorylated form of
histone H2AX, called γH2AX, and to meiotic silencing of
unsynapsed chromatin (MSUC) (Burgoyne et al. 2009;
Fernandez-Capetillo et al. 2003; Royo et al. 2013; Turner
et al. 2005). It is thought that persistent asynapsis triggers
oocyte elimination either due to direct activation of apoptotic
signalling cascades by persistent ATR activity or due to inap-
propriate silencing of essential genes on unsynapsed chromo-
somes (Cloutier et al. 2015;Wojtasz et al. 2012). In contrast to
oocytes, spermatocytes always contain unsynapsed chromo-
somes. The sex chromosomes are largely non-homologous;
hence, they synapse only in their short homologous
pseudoautosomal regions (PAR) during the pachytene stage
of prophase, where autosomal chromosomes are fully syn-
apsed. As a consequence, the unsynapsed regions of sex chro-
mosomes are silenced (Baarends et al. 2005; Turner et al.
2005) and are incorporated into a distinct γH2AX-rich chro-
matin domain, called the sex body (Fernandez-Capetillo et al.
2003; Monesi 1965; Solari 1974). Crucially, the silencing of
sex chromosomes is essential for progression of spermato-
cytes beyond mid-pachytene because there are genes on sex
chromosomes whose expression is incompatible with sper-
matocyte survival at this stage (Royo et al. 2010, 2015). It is
believed that the requirement for sex chromosome silencing
provides an effective mechanism for the elimination of
asynapt ic spermatocytes (Burgoyne et al . 2009;
Mahadevaiah et al. 2008). Abnormal autosomal asynapsis ti-
trates ATR activity away from sex chromosomes resulting in
imperfect silencing of sex chromosomes and the expression of
genes that are toxic to spermatocytes in mid-pachytene. Thus,
MSUC and sex body formation are important components of
the surveillance mechanisms that safeguard the quality of ga-
metogenesis in mammals. Interestingly, the sex body is ac-
companied by an enigmatic nuclear structure that was termed
the dense body due to its high electron density in electron
microscopy (Crackower et al. 2003; Dresser and Moses
1980; Marcon et al. 2008). The mouse dense body has low
DNA content but it contains both microRNAs (miRNA) and
PIWI-associated RNAs (piRNAs) (Marcon et al. 2008). The
dense body was also reported to contain FKBP6 (Crackower
et al. 2003), which is a protein involved in piRNAmetabolism
(Xiol et al. 2012). Although definitive localization to the
dense body in spermatocytes was not established, nuclear foci
were also detected for the piRNA-binding MILI, and MIWI
proteins, which raised the possibility that these proteins are
also components of the dense body (Beyret and Lin 2011).
Thus, it is tempting to speculate that the dense body may
contribute to the function of small RNA pathways that play
diverse essential roles in spermatogenesis. Sex body forma-
tion is one of the important processes that involve microRNA
pathways during spermatogenesis (Modzelewski et al. 2012).
Thus, the dense body may be involved in the repression of sex
chromosome-linked gene expression. Indeed, such function
would be consistent with the close association of the dense
body and the sex body in pachytene spermatocytes
(Crackower et al. 2003; Dresser and Moses 1980; Marcon
et al. 2008). Another tempting possibility is that the dense
body is involved in meiotic down-regulation of transposons,
given that the best documented function of piRNAs is the
silencing of transposons during meiosis (Aravin et al. 2007;
Carmell et al. 2007; De Fazio et al. 2011; Di Giacomo et al.
2013; Pillai and Chuma 2012; Reuter et al. 2011; Watanabe
et al. 2006). This is a fundamentally important function be-
cause inappropriate activation of transposons leads to un-
scheduled DSB formation and a failure in the pairing of ho-
mologous chromosomes.
Despite the expectation that the dense body is important for
successful meiosis and/or spermatogenesis in mammals, the
function and the significance of dense body formation have
remained mysterious, because up to now, no essential protein
component of the dense body has been reported. We have
screened for proteins that are preferentially expressed during
meiosis in mice to identify new candidates that function in
meiosis-specific processes that may be essential for the gen-
eration of haploid gametes in mice. We discovered that mouse
SCML1 is a meiosis-specific protein that constitutes a key
component of the meiotic dense body. Here, we report the
functional analysis of Scml1-deficient mice.
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Results
Identification of the full-length SCML1 protein
To identify proteins that are potentially involved in core func-
tions of the first meiotic prophase, we analysed gene expression
in the developing gonads of both sexes (our unpublished data)
using microarrays of the NIA mouse 15 k complementary
DNA (cDNA) set (Kargul et al. 2001; Tusher et al. 2001).
One of the transcripts that were up-regulated in the gonads of
both sexes at the time when meiocytes progressed to the first
meiotic prophase mapped to the predicted sex comb on midleg-
like 1 (Scml1) gene on theX chromosome (Online Resource 1.).
RT-PCR analysis showed that Scml1 was not expressed in a set
of 17 different somatic tissues (Fig. 1a) and that Scml1 was
preferentially expressed in the female and male gonads at stages
where gonads contained meiotic germ cells (Fig. 1b, c). We
detected Scml1 expression in meiotic germ cells but not in
somatic cells of female gonads at 16.5 days post coitum (dpc)
(Fig. 1d). Therefore, we conclude that Scml1 expression is
largely, if not completely, restricted to meiotic germ cells in
mice. The NCBI-database predicted transcript of Scml1,
XM_006544639.2, appears incomplete. The corresponding
open reading frame (XP_003945662.2) starts from the very
beginning of the predicted transcript, and the predicted mouse
SCML1 protein is shorter in its N-terminus than the closely
related predicted rat SCML1 protein (XP_006227380).
Therefore, we used both 3′ and 5′ RACE on total RNAs of
mouse testis to determine the sequence of the full-length
Scml1 transcript (Online Resource 2, Supplementary Fig. S1).
We reconfirmed the sequence of the full-length Scml1 transcript
by RNA sequencing the messenger RNAs (mRNAs) of fetal
ovaries (data not shown). The full-length transcript encodes a
501 amino acid-long protein that contains a Bsterile-alpha^ mo-
tif (SAM) at its C-terminus and 14 imperfect repeats of the T/P-
V/I/M-D/N-L/N/C-S/N/T/A-Q/L/V-T/P/G-V/F/L/I-Q-Y/N-T-
D/N/E 12-amino acid peptide. Although SCML1 proteins have
been identified only in mammals, they are related to the
polycomb group Drosophila sex-comb-on-midleg protein
(Wu and Su 2008). Their most conserved region is the SAM
domain (Wu and Su 2008), which is thought to mediate
protein-protein interactions, oligomerization and/or RNA bind-
ing (Kim and Bowie 2003). In contrast, the 12-amino acid long
repeats of mouse SCML1 have no predicted function and they
appear to be absent from SCML1 proteins in mammals except
the Muroidea superfamily. Thus, the repeats likely represent a
recent modification of this protein in evolution (Online
Resource 2, Supplementary Fig. S2).
SCML1 localizes to the meiotic dense body
To gain insight into the possible functions of SCML1, we
raised antibodies against the full-length SCML1, and affinity
purified antibodies against a soluble C-terminal 208 amino
acid-long fragment of the protein. We used our antibodies to
detect SCML1 on cryosections of testes (Fig. 2). This revealed
that robust anti-SCML1 staining appeared first in leptotene
stage germ cells. Anti-SCML1 antibodies showed a diffuse
nuclear staining and a single intense nuclear focus in each
meiocyte at this stage. Following the progression of meiocytes
to the pachytene stage diffuse nuclear staining disappeared, but
the single focus detected by anti-SCML1 antibodies persisted
in the nucleus of spermatocytes. These foci were present in
germ cells throughout meiosis, and they disappeared from
post-meiotic cells only after spermatids began to elongate.
To better address the sub nuclear localization of SCML1
relative to other meiotic structures, we detected SCML1 also
on nuclear surface spread spermatocytes (Fig. 3a–c). Anti-
SCML1 antibodies stained weakly the unsynapsed axis in
zygotene-early pachytene transition and also the chromatin
loops of sex chromosomes in early mid-pachytene. In con-
trast, a round shape or ring-like structure was stained much
stronger by anti-SCML1 antibodies in spermatogenic cells
(Figs. 2 and 3). This structure associated with the sex body
in pachytene cells (79.95 %, n=419 cells) and grew in size as
meiocytes progressed in prophase reaching a diameter of ap-
proximately 2 μm by the end of pachytene (n=124 cells).
This structure was also largely devoid of DAPI staining.
These observations raised the possibility that our anti-
SCML1 antibodies stained the meiotic dense body. To recon-
firm this, we co-stained spermatocytes with anti-SCML1 and
anti-FKBP6 antibodies (Fig. 3c). FKBP6 was reported to lo-
calize to the dense bodies and to chromosome axes in sper-
matocytes (Crackower et al. 2003). The aliquot of the pub-
lished anti-FKBP6 antibody that was available to us did not
stain robustly chromosome axes but apparently recognized the
dense body in our nuclear surface spread preparations of sper-
matocytes. All the anti-SCML1 stained sphere-/ring-like
structures were also stained by anti-FKBP6 antibodies
(n>500 cells), which supports the hypothesis that SCML1
localizes to dense bodies. To further test this hypothesis, we
carried out immunotransmission electron microscopy (TEM)
of spermatocytes in testis sections using the anti-SCML1 an-
tibodies (Fig. 3d). We found that anti-SCML1 antibodies
marked a homogenously granular electron-dense structure,
which we identify as the dense body within the nucleus of
spermatocytes. Importantly, anti-SCML1 labelling was dis-
tributed evenly in the dense bodies on ultrathin TEM sections.
This indicated that the ring-like immunofluorescence staining
pattern in surface spread spermatocytes was likely a staining
artefact caused by an inability of the antibodies to access the
centre of fixed dense bodies efficiently. Anti-SCML1-stained
dense bodies exist beyond meiotic prophase as we also detect-
ed an anti-SCML1 marked structure in the vast majority of
round spermatids (98.5 %, n=197 spermatids) in single cell
suspensions of testes (n=200 spermatids).
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Scml1 is also expressed in oocytes in the first meiotic pro-
phase in fetal mice. This prompted us to examine the locali-
zation of SCML1 in oocytes of fetal mice. Although a dense
body was not reported in oocytes previously, we detected an
anti-SCML1 stained nuclear structure in pachytene oocytes
(Fig. 3e). This female dense body is smaller than its counter-
part in spermatocytes, but it is also characterized by poor
DAPI staining. Thus, our results suggest that the dense body
forms in meiosis in both sexes.
To test if the anti-SCML1 staining of the dense body is a
genuine reflection of SCML1 localization to the dense body,
we in vivo electroporated testes of mice with plasmids that
expressed a Venus-tagged version of SCML1 (Online
Resource 2, Supplementary Fig. S3a). The Venus-specific
signal of Venus-SCML1was always detected in a round shape
structure that was identified as the dense body due to its low
DAPI staining and its frequent association with the sex body.
Lower level signal was also detected in the sex body. These
observations reconfirmed the specificity of our anti-SCML1
antibodies and strongly supported the conclusion that SCML1
is a dense body component. Given these observations, we
wondered if SCML1 might contribute to the formation of
dense bodies. To test this, we ectopically expressed either
Cherry (Online Resource 2, Supplementary Fig. S3b) or
GFP-tagged versions (not shown) of SCML1 in mouse NIH
3T3 and human HeLa cell lines. We found that these tagged
versions of SCML1 proteins formed spherical structures that
resembled meiotic dense bodies. This indicated that SCML1
Fig. 1 SCML1 is expressed specifically in meiotic germ cells. a–d RT-
PCR was used to detect expression of Scml1, a meiosis marker (Sycp3), a
‘house-keeping’ gene (S9), and in d, the expression of a germ cell marker
Ddx4 and the soma specific Xist gene. a Total RNAs of testis and a
somatic tissue mix were used as template in RT-PCRs. cDNAs were
prepared from four RNA mixtures: (1) Somatic tissue mix: 1 μg of
RNA mix of 59 ng total RNAs from 17 somatic tissues (see Materials
and Methods for the tissue list). (2) Adult testis: 59-ng total testis RNAs
from adult. (3) Somatic + adult testis: 1 μg of RNA mix of 59-ng total
testis RNAs and 941 ng of somatic tissue mix. (4) Somatic + 5x adult
testis: 1 μg of RNA mix of 295-ng total testis RNAs and 705 ng of
somatic tissue mix. (5) no RT: no RT control with somatic + adult testis.
Scml1 specific PCR products were amplified only from templates that
contained testis cDNA. b, c Total RNAs of developing male (b) and
female (c) gonads were used as templates in RT-PCRs. Germ cells
begin to initiate entry into meiosis 7–11 days postpartum (dpp) in testes
and 12.5–14.5 days post coitum (dpc) in ovaries. Most germ cells are in
zygotene or pachytene stages of meiotic prophase at 16.5dpc in ovaries. d
Total, somatic and germ cell populations of ovaries of 16.5 dpc fetuses
were FACS sorted based on forward and side scattering (Wojtasz et al.
2009b). Total RNAs purified from these cell populations were used as
templates in RT-PCRs
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can form dense body-like nuclear structures even in the ab-
sence of other meiosis-specific proteins in the nuclei of non-
meiotic/mitotic cells. Thus, SCML1 may be an important
structural component of the meiotic dense bodies.
SCML1 is required for dense body formation
To address the functions of SCML1 during meiosis, we gen-
erated mice that lacked the seventh exon of the Scml1 gene
(Online Resource 2, Supplementary Fig. S4). The seventh
exon is a frame-shifting exon; therefore, its removal was ex-
pected to lead to the production of a truncated version of
SCML1 that matched only the N-terminal 72 amino acids of
the wild-type SCML1. RT-PCR with primers specific to exon
4 and 6 indicated that deletion of the seventh exon dramati-
cally reduced the levels of the residual truncated transcripts
(Online Resource 2, Supplementary Fig. S4c), possibly due to
non-sense mediated mRNA decay. To test if full-length
SCML1 protein was depleted from the testes of Scml1Y/−
mice, we detected SCML1 by Western blot analysis in wild-
type and Scml1Y/− testis extracts (Online Resource 2,
Supplementary Fig. S4d-e). The predicted molecular weight
of SCML1 is 57.5 kDa, yet our anti-SCML1 antibody detect-
ed a prominent protein-band approximately at 100 kDa size in
wild-type but not in Scml1Y/− testis extracts following SDS-
gel electrophoresis. Given that a recombinant 6xHis-tagged
version of SCML1 had similarly reduced electrophoretic mo-
bility (Online Resource 2, Supplementary Fig. S4d), we con-
cluded that the wild-type-specific ∼100 kDa protein-band rep-
resented full-length SCML1 and that Scml1Y/− testes were
depleted of full-length SCML1 protein. Accordingly, we
could not detect spherical or ring-like anti-SCML1 staining
Fig. 2 SCML1 localizes to spermatogenic cells in testis. a, b DNAwas
detected by DAPI, and DDX4 (cytoplasmic germ cell marker) and
SCML1 were detected by immunofluorescence on cryosections of adult
wild-type testis. Epithelial cycle stage of testis tubules is shown. Each
tubule contains several layers of germ cells at distinct spermatogenic
stages. Enlarged inset is shown in the lower panel of both a and b. a In
stage VII, preleptotene (pl) and late pachytene (pa) spermatocytes and
post-meiotic round meiotic spermatids (sd) and spermatozoa (sp.) are
shown. Yellow arrowheads mark SCML1 foci in a pachytene
spermatocytes and a round spermatid in the enlarged inset. b In stage
IX-X, leptotene (le), late pachytene (pa) spermatocytes and elongating
spermatids (esd) are shown. Yellow arrowheads mark SCML1 foci in a
leptotene and a pachytene spermatocyte and an elongated spermatid in the
enlarged inset. Note that SCML1 is present throughout the nuclear
volume in the leptotene/zygotene spermatocyte. SCML1 foci are still
detectable in some of the b elongating spermatids but with lower
intensity than in a round spermatids. a, b The cytoplasmic signal that is
detectable at variable intensities in intertubular somatic cells (it) does not
represent SCML1-specific staining because it does not depend on anti-
SCML1 antibody (data not shown). DDX4 forms chromatoid body
precursor granules (spermatocytes) and chromatoid bodies (spermatids),
which are marked by white arrowheads in insets. Scale bars, 20 μm
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Fig. 3 SCML1 localizes predominantly to the dense body in meiotic
spermatocytes. a, b, c, e DNA was detected by DAPI, and SCML1,
SYCP3 (chromosome axis marker), SYCP1 (a synaptonemal complex
marker), γH2AX (b sex body marker) and FKBP6 (c dense body
marker) were detected by immunofluorescence on nuclear surface
spreads of a, b, c spermatocytes and e oocytes. Arrows mark reduced
DAPI staining at the positions of the anti-SCML1 stained structures.
Scale bars, 10 μm. (a upper panel) Zygotene-pachytene spermatocyte is
characterized by full autosomal synapsis, but the synaptonemal complex
transverse filament protein SYCP1 has not accumulated yet on the short
homologous regions of sex chromosomes (arrowhead), despite apparent
pairing of these so called PAR regions of X and Y chromosomes. At the
more advanced mid-pachytene stage (a lower panel), SYCP1 is detected at
the PAR region (arrowhead). Note the accumulation of SCML1 along sex
chromosome axes (a upper panel) or on chromatin surrounding sex
chromosome axes (a lower panel) at the zygotene-to-pachytene and mid-
pachytene stages, respectively. (a lower panel, b) The round shape anti-
SCML1 stained structure tends to associate with sex chromosomes as
meiocytes progress to pachytene. b Cloud-like staining pattern in the
SYCP3 channel is signal bled from the γH2AX channel, representing the
unsynapsed chromatin of sex chromosomes. c The anti-SCML1 stained
structure is also stained by anti-FKBP6 antibodies, which are known to
mark the dense body. d Transmission electron microscopy (TEM) of a
spermatocyte in a Tokuyasu cryo-section immunolabelled with anti-
SCML1 antibody. Cytoplasm (CP) with organelles like mitochondria (m)
is separated by the double membrane of nuclear envelop (NE) from nuclear
content (N). Immunogold detection (arrow, dark spots of gold particles)
reveals anti-SCML1 stain specifically at the dense body (db), a round
homogenous nuclear structure of different density than the surrounding
chromatin (CHR) in nucleus. Scale bar, 500 nm. e Anti-SCML1
recognizes a round structure in a DNA-poor region of pachytene oocyte
at the 16.5 dpc developmental timepoint
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pattern in Scml1Y/− spermatocytes (Fig. 4) using either anti-
full-length SCML1 sera or purified anti-C-terminal SCML1
fragment antibodies, which supported the idea that the exon 7-
deletion allele of Scml1 is a null allele.
Scml1-deficient mice showed no obvious somatic or growth
defects; average body weight of wild-type (36.05 g, n=6) and
Scml1-deficient (36.08 g, n=6) adult (70–90 days of age) mice
were not significantly different (p>0.9999 Wilcoxon matched
pair test). Scml1−/− female and Scml1Y/− male mice were also
fertile and their litter sizes were similar to the litter sizes of their
wild-type littermate controls. On average, we observed 12.2
(n=25), 11.2 (n=24) and 11.8 (n=5) pups per litter in crosses
of Scml1+ /+ × Scml1Y /+ , Scml1+/+ × Scml1Y /− and
Scml1−/−×Scml1Y/−, respectively (MannWhitney test calculat-
ed p values are 0.2084 and 0.6675 for the Scml1+/+×Scml1Y/+
versus Scml1+/+×Scml1Y/− and the Scml1+/+×Scml1Y/+ versus
Scml1−/−×Scml1Y/− comparison, respectively). This shows that
SCML1 is not required for fertility in mice. Consistent with this
observation, germ cells at all stages of spermatogenesis could be
found in the adult Scml1Y/− mice (Fig. 4a and not shown).
To test if dense bodies formed in the Scml1Y/− spermato-
cytes, we compared dense body formation in wild-type and
Scml1Y/− pachytene spermatocytes using either DAPI, anti-
FKBP6 or anti-γH2AX staining (Fig. 5). DAPI-negative
spherical regions, most of which likely represented dense bod-
ies, could be identified within the sex body or in the vicinity of
the sex body in a majority of nuclear spreads of wild-type
spermatocytes (79.95 % of pachytene cells have a DNA-
negative region in the sex body or less than 5 μm away from
the dense body, n=419 cells) (Fig. 5b). In contrast, similar
DAPI-negative regions were detected only in a small minority
of Scml1Y/− pachytene spermatocytes (average 22.16 %,
Fig. 4 SCML1 is not detectable
in the nucleus of spermatogenic
cells of Scml1Y/− mice. a, b DNA
was detected by DAPI, SCML1
and either DDX4 (a cytoplasmic
germ cell marker) or SYCP3 (b
axis marker) was detected by
immunofluorescence on
cryosections of adult testes (a) or
on nuclear surface spread
pachytene spermatocytes (b) of
indicated genotypes. a Enlarged
insets of first and third row are
shown in the second and fourth
rows, respectively. Testis tubules
at epithelial cycle stage V-VI are
shown. Spermatogonia B (sg),
pachytene stage spermatocytes
(pa), spermatids (sd) and
spermatozoa (sp.) are marked.
Arrowheads mark chromatoid
bodies. b Arrow marks reduced
DAPI staining at the positions of
the anti-SCML1 stained structure
in the wild-type pachytene
spermatocyte. XY marks the sex
chromosomes. Scale bars, 10 μm
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n=397 cells), and these DAPI-negative regions never or only
rarely (average 0 and 7.05%) localized within sex bodies or in
the vicinity of sex bodies, respectively (Fig. 5b).
Correspondingly, we observed γH2AX negative spherical re-
gions in the sex bodies of a large fraction of wild-type sper-
matocytes (average 35%, n=249 cells). Similar γH2AX neg-
ative regions were never observed in Scml1Y/− spermatocytes
(n = 225, spermatocytes). Finally, whereas anti-FKBP6-
stained dense bodies were detected in almost all nuclear
spreads of wild-type pachytene spermatocytes (95.9 %,
n=244 cells, three mice), we found no anti-FKBP6-stained
dense bodies in pachytene stage Scml1Y/− spermatocytes
(n=233 cells, three mice) (Fig. 5d). In contrast, FKBP6 was
not required for dense body formation (Marcon et al. 2008),
and thus we detected SCML1 positive dense bodies in
Fkbp6−/− spermatocytes that were presumably equivalent
to wild-type pachytene stage cells (data not shown, 74
out of 78 cells). The combination of these experiments
showed that dense body formation was severely im-
paired if not completely prevented in the absence of
SCML1.
Spermatogenesis is apparently unaffected in the absence
of SCML1 and dense bodies
Although Scml1-deficient mice were fertile, we wondered if
progression through meiosis or spermatogenesis was affected
in the absence of SCML1 and dense bodies. Therefore, we
Fig. 5 Dense body formation is
defective in the absence of
SCML1. a, c DNAwas detected
by DAPI, and a γH2AX or c
SYCP3 (chromosome axis
marker) and FKBP6 (dense body
marker) were detected by
immunofluorescence on nuclear
surface spreads of wild-type and
Scml1Y/− spermatocytes. Arrows
mark round shape DAPI-negative
regions that are identified as sites
of dense bodies. Scale bars,
10μm for full nuclei and 5μm for
cropped γH2AX marked sex
body. a Four different categories
of pachytene/diplotene cells are
shown: (1) DAPI-negative dense
body is inside the sex body (inside
SB), (2) dense body is less than
5 μm away from the sex body
(<5 μm), (3) clear DAPI-negative
body is detected more than 5 μm
away from the sex body (>5 μm),
(4) no clear round shape dense
body-like DAPI-negative region
is detectable in the spermatocyte
(NO DN). b Quantification of the
fraction of spermatocytes that fall
into the four categories listed in a
wild-type and Scml1Y/−
spermatocytes. Summary of data
from four experiments, averages
and standard deviations are
shown. Significance or lack of
significance (n.s.) was calculated
by Student’s t test. c The axes of
the X and Y chromosomes are
marked byX and Y, respectively. d
Quantification of the fraction of
Scml1Y/+ and Scml1Y/− pachytene
spermatocytes that contain
FKBP6 marked dense bodies
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carefully compared testis weight and spermatogenesis in adult
wild-type and Scml1Y/−mice (Fig. 6). We found no significant
difference between the absolute testis weight of wild-type and
Scml1-deficient mice (Fig. 6a). To test if apoptosis was in-
creased in the absence of SCML1, we quantified the fraction
of testis tubules that contained spermatocytes with cleaved
PARP1 in sections of testes. We used Spo11−/− mice as posi-
tive controls, because Spo11−/− spermatocytes are DSB
formation-defective, which leads to their apoptosis in tubules
at stage IV of the seminiferous epithelial cycle (Barchi et al.
2005; Baudat et al. 2000; Romanienko and Camerini-Otero
2000). Whereas significant fractions (7 out of 62) of tubules
contained multiple apoptotic spermatocytes in Spo11−/−mice,
similar testis tubules with apoptotic spermatocytes were not
found in Scml1Y/− and wild-type mice (0 out of 204 and 0 out
of 236 tubules, respectively, Fig. 6b). To assess
Fig. 6 Spermatogenesis is not altered significantly by the disruption of
Scml1. a Graph showing weight of testis pairs in adult (65-142dpp)
Scml1Y/+ and Scml1Y/− mice. Each data point represents a testis
pair/mouse. Median is shown. No significant (n.s.) difference was
found between Scml1Y/+ and Scml1Y/− mice (p = 0.8457 Wilcoxon
matched pairs test). b DNA was detected by DAPI, and cleaved PARP
(apoptosis marker) was detected by immunofluorescence in cryosections
of adult testes of indicated genotypes. While PARP positive apoptotic
spermatocytes (ap) are readily detectable in DSB formation defective
Spo11−/− testes, apoptotic spermatocytes are not detected in the shown
testis tubules of the Scml1Y/+ and Scml1Y/− mice. Scale bars, 50 μm. c, d
Quantification of the c fractions of testicular cells that are non-meiotic,
meiotic or post-meiotic or the d fractions of spermatocytes at the indicated
stages in adult Scml1Y/+ and Scml1Y/− mice. e Quantification of the
fractions of testicular cells that are non-meiotic or represent the
indicated stages in spermatocytes in 8dpp Scml1Y/+ and Scml1Y/− mice.
d, e Counts in preleptotene (pre-L), leptotene (Lep), zygotene (Zyg),
pachytene (Pac), diplotene (Dip), first meiotic metaphase (Met I) stages
and in non-meiotic cells (non-mei) are shown. (c–e) Total numbers of
scored cells are indicated
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spermatogenesis, we prepared nuclear surface spreads and
quantified the fraction of cells at various stages of spermato-
genesis. We found no significant difference between fractions
of somatic cells and various stages of spermatogenic cells in
wild-type and Scml1Y/−mice (Fig. 6c, d n=11,634, n=12,365
in wild-type and Scml1Y/−mice, respectively). ThemicroRNA
pathway has been implicated in the regulation of the initiation
of spermatogenesis in mice (Modzelewski et al. 2012). Given
the reported accumulation of some microRNAs in the dense
body (Marcon et al. 2008), it was possible that SCML1 was
involved in the regulation of the developmental timing of
meiosis initiation. To test this hypothesis, we quantified non-
meiotic and meiotic cell populations of testes of juvenile
(8 days postpartum) wild-type and Scml1Y/− mice at a devel-
opmental stage where the first spermatogenic cells started to
enter meiosis (Fig. 6e). We found no significant difference in
the fraction of meiotic cells at various early stages of meiosis
in juvenile wild-type and Scml1Y/− mice. Thus, the combina-
tion of these observations indicated that neither the correct
developmental timing of meiosis in males nor correct progres-
sion through the spermatogenic process requires SCML1 and
robust dense body formation in mice.
Efficient silencing of transposons and sex body formation
in the absence of SCML1 and dense bodies
Although our observations indicated that essential process-
es of meiosis do take place in the absence of SCML1, we
wondered if partial defects can be observed in predicted
microRNA or piRNA functions. MicroRNA pathways
have been impl ica ted in sex body format ion
(Modzelewski et al. 2012), and the dense body associates
with the sex body during pachytene (Crackower et al.
2003; Marcon et al. 2008); therefore, dense body may
play a role in sex body formation. Additionally, low levels
of SCML1 associates with the sex body (Fig. 3a and
Online Resource 2, Supplementary Fig. S3a) indicating a
possible function in its formation. To examine sex body
formation, we detected γH2AX in Scml1Y/− spermatocytes.
γH2AX-rich chromatin often expanded to synapsed auto-
somes and sex body formation was reported to be partially
defective in the microRNA pathway mutant Ago4−/− mice
(Modzelewski et al. 2012). In contrast, we found no
mislocalization of γH2AX in Scml1Y/− spermatocytes and
their sex bodies resembled sex bodies in wild-type sper-
matocytes (Fig. 7a). Likewise, another sex body marker,
SUMO-1 (Vigodner and Morris 2005), decorated sex chro-
matin similarly in wild-type and Scml1Y/− spermatocytes
(Fig. 7a, n=90 pachytene spermatocytes). Consistent with
the idea that sex body formation is unaffected, we found
that phosphorylated RNA polymerase II was depleted from
sex chromatin in Scml1Y/− spermatocytes (Fig. 7b, n=80
pachytene spermatocytes). To further test if silencing of
sex chromosomes was affected, we measured expression
of three sex chromosome-linked genes in wild-type and
Scml1Y/− testes by real-time RT-PCR (Fig. 7c).
Expression levels of these genes did not differ significant-
ly in wild-type and Scml1Y/− testis. Thus, we conclude
that sex body formation and silencing of sex chromosomes
does not require SCML1 and the meiotic dense body.
The best documented function of piRNAs is the silencing
of transposons during meiosis (Aravin et al. 2007; Carmell
et al. 2007; De Fazio et al. 2011; Di Giacomo et al. 2013;
Pillai and Chuma 2012; Reuter et al. 2011; Watanabe et al.
2006). piRNA targeted slicer activity of MIWI and MILI is
important for the repression of transposons during spermato-
genesis (De Fazio et al. 2011; Reuter et al. 2011). Given that
some piRNAs accumulate in the dense body (Marcon et al.
2008), we used real-time RT-PCR to test if SCML1 and dense
body formation is needed for silencing of transposons in adult
testes. We did not find significant differences between the
levels of LINE1-, IAP-, or SINEB1-specific transcripts in
Scml1Y/− and wild-type testes (Fig. 7d). Therefore, we con-
clude that SCML1 and the dense body are unlikely to contrib-
ute to the transposon silencing function of piRNAs.
Meiotic surveillance mechanisms of asynapsis
do not require SCML1 and dense body in either sex
The association of dense body with the sex body raised the
possibility that SCML1 and the dense body may play a role in
synapsis surveillance mechanisms that involve meiotic silenc-
ing of unsynapsed chromatin. Our data indicated that SCML1
is not required for sex body formation in spermatocytes
where synaptonemal complex formation and meiotic recom-
bination proceeds normally (Fig. 7a–c). Nevertheless, we
could not exclude the possibility that SCML1 had a function
in the elimination of asynaptic meiocytes that are thought to
undergo apoptosis due to either ineffective silencing of sex
chromosomes or inappropriate silencing of essential genes in
males and females, respectively. To address this possibility,
we asked if SCML1 was required for the elimination of
Spo11−/− meiocytes that are defective in synaptonemal com-
plex formation due to a lack of programmed DSBs. We ex-
amined spermatogenesis on sections of testes of adult mice,
and we found that spermatocytes underwent apoptosis in ep-
ithelial cycle stage IV testis tubules in both Spo11−/− and
Spo11−/− Scml1Y/− mice (Fig. 8a, 730 and 586 tubules were
examined in two mice of each genotype, and 17.39 and
19.28 % of tubules contained PARP positive cells, respective-
ly). We also found that oocyte numbers were similarly re-
duced in ovaries of 6–7 weeks old Spo11−/− and Spo11−/−
Scml1−/− mice (on average, 1.33 and 1.04 oocytes per sec-
tion, n=51 and 68 non-adjacent ovary sections from two and
three mice of respective genotypes) as compared to ovaries of
wild-type and Scml1−/− mice (on average, 30, 95 and 29.1
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Fig. 7 SCML1 is not needed for robust sex chromosome or transposon
silencing. a, b DNA was detected by DAPI and γH2AX (sex body
marker), and either a SUMO (sex body marker) or b phospho-S2-RNA
polymerase II (marker of active transcription) was detected by
immunofluorescence on nuclear surface spreads of pachytene
spermatocytes of Scml1Y/+ and Scml1Y/− mice. Note that phospho-RNA
polymerase II is absent from the sex body (outlined) of both Scml1Y/+ and
Scml1Y/− spermatocytes. Scale bars, 10 μm. c, d Quantitative real-time
RT-PCR was used to measure expression of c sex chromosome-linked
genes and d indicated transposons. Averages of 6 independent
measurements with standard deviation are shown. Expression values are
normalized to the wild-type average. No significant difference was found
in the expression of any of the examined genes/transposons in Scml1Y/+
and Scml1Y/− testes
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oocytes per section, n=20 non-adjacent sections from two
mice for each genotype, Fig. 8b). Thus, we conclude that
elimination of asynaptic meiocytes does not require SCML1
in either sex.
Fig. 8 SCML1 is not needed for
the elimination of DSB formation
defective meiocytes. DNAwas
detected by DAPI; a cleaved
PARP (apoptosis marker) and b
NOBOX (oocyte marker) were
detected by immunofluorescence
on cryosections of a testes
(10 weeks) and b ovaries (6–
7 weeks) in indicated genotypes.
a Stage IV tubules are shown.
Intermediate spermatogonia
(InSg), metaphase stage
spermatogonia (m), apoptotic
spermatocytes (ap) and Sertoli
cells (st) are indicated. Scale bars,
20 μm. b Primordial (pr), primary
(pr) and antral (a) follicles are
indicated in ovaries of Scml1Y/+
and Scml1Y/− mice. Scale bars,
50 μm
410 Chromosoma (2017) 126:399–415
24
Discussion
Given that the sex body, microRNAs, piRNAs and FKBP6 all
play crucial roles in spermatogenesis, it was expected that the
dense body would have important role in spermatogenesis
and/or meiosis. We identified mouse SCML1 as a meiosis-
specific protein that forms part of the meiotic dense body.
We discovered that an SCML1-rich structure also forms in
oocytes, indicating that a dense body-like structure is present
also in oocytes. Importantly, we found that in the absence of
SCML1, anti-FKBP6-stained round shape structures ceased to
exist and the fraction of spermatocytes with DNA-negative
round shape structures was also strongly reduced. In fact,
sex body-associated DNA-negative round shape structures
were not observed at all in Scml1-deficient spermatocytes.
Thus, our observations indicate that dense bodies do not form
at all or they can form only with strongly altered characteris-
tics, i.e. with altered protein composition and high DNA con-
tent. The loss of anti-FKBP6 staining was particularly intrigu-
ing because FKBP6 was known to play an important role in
piRNA pathways that silence transposons in the male
germline (Xiol et al. 2012). FKBP6 is thought to perform an
essential function in transposon silencing by supporting the
establishment of repressive methyl-marks on transposons in
fetal male gonocytes (Xiol et al. 2012). In contrast, it was not
addressed if FKBP6 also performed essential functions in
spermatocytes in adult mice as a constituent of the dense body.
The piRNA binding MILI protein plays an essential role in
transposon silencing both in fetal gonocytes and in meiotic
spermatocytes (Aravin et al. 2007; De Fazio et al. 2011; Di
Giacomo et al. 2013). Thus, a late function for FKBP6 in the
dense body was a real prospect despite the fact that FKBP6
was found to be dispensable for dense body formation.
Surprisingly, we found that the loss of robust dense body
formation in the absence of SCML1 did not disrupt key mei-
otic functions and/or known meiotic miRNA or piRNA func-
tions. Thus, absence of SCML1 and the disruption of the
dense body did not alter developmental timing of meiosis
entry, progression through spermatogenesis, sex body forma-
tion and silencing of transposons. Furthermore, SCML1 and
the dense body were not needed for fertility in either sexes.
Thus, while we cannot exclude that the dense body and
SCML1 play some roles in RNA or chromosome biology
during meiosis and spermatogenesis, our observations indi-
cate that these putative functions can be only minor and
non-essential for gametogenesis. It is possible that other mam-
malian sex comb on midleg-like proteins, such as SCML2,
SCML4 or SCMH1, may have overlapping functions with
SCML1 and that these proteins may compensate for the loss
of SCML1. However, we find this unlikely because SCML1
shows only very limited similarity to these sex comb on
midleg-like proteins, and these proteins apparently cannot res-
cue dense body formation in Scml1-deficient mice.
One may wonder how it is possible that a prominent struc-
ture like the dense body has so little functional importance for
gametogenesis. The answer may lie within the low conserva-
tion of the dense body’s key constituent, SCML1. SCML1
proteins have been identified only in mammals (Wu and Su
2008); hence, they are likely to be an evolutionarily recent
duplication of the polycomb family member sex comb on
midleg-like proteins. Interestingly, SCML1 appears to have
undergone fast evolution and possibly positive selection in
primates (Wu and Su 2008). This raises the possibility that
SCML1 has a role in speciation and/or has non-essential func-
tions. Our data is consistent with the hypothesis that SCML1
is a structural component that forms the scaffold of the dense
body in mice. It is possible that the moderately conserved
SAM domain of SCML1 is responsible for dense body for-
mation. The SAM domain is described as a protein-protein
interaction domain that may promote protein oligomerization
and/or RNA binding (Kim and Bowie 2003). Thus, the SAM
domain might confer properties that allow SCML1 to form
sphere-like structures that accumulate RNAs in the nucleus
of germ line cells. Given that the SAM domain is the most
conserved domain of SCML1s in mammals, this hypothesis
would predict that SCML1 should also form meiotic dense
bodies in other mammalian species. Based on the similarity
of their appearance, the DNA-negative RNA-positive dense
body of mouse and the dense bodies of other species of
Muroidea rodents (hamster and rat) were identified as equiv-
alent structures (Marcon et al. 2008). Electron-dense struc-
tures have been also identified in the vicinity of sex chromo-
somes of spermatocytes in varied non-Muroidea mammalian
species (Schmid et al. 1987), but it is not clear if these
electron-dense nuclear bodies represent structures that are
equivalent to the meiotic dense body of mice. Thus, it is un-
certain if dense body formation is conserved beyond
Muroidea.
Interestingly, we found that the Muroidea (hamster, mouse
and rat) SCML1 diverged significantly from SCML1
orthologues of non-rodent mammals or even other rodent su-
perfamilies and suborders. For example, there is only 22.9,
19.2 and 19.5 % identity between the amino acid sequence
of full-length mouse SCML1 and the sequences of the corre-
sponding orthologues in squirrel, guinea pig and human, re-
spectively. This level of sequence divergence likely reflects
functional divergence and/or low levels of constraints on the
function of SCML1 proteins. The key distinguishing feature
in the sequence of Muroidea SCML1 proteins is the presence
of imperfect repeats of a 12 amino acid long peptide (4, 7, 14
and 16 repeats in Syrian hamster, Chinese hamster, mouse and
rat, respectively, Online Resource 2, Supplementary Fig. S2
and data not shown) that is missing from SCML1 proteins of
other mammals. Interestingly, these repeats are relatively rich
in glutamine/asparagine residues and according to a recently
developed prion-like domain finder software, prionW (Sabate
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et al. 2015; Zambrano et al. 2015), they may act as prion-like
domains. We speculate that this feature may reflect an ability
of these repeats to promote oligomerisation of SCML1, which
may ultimately facilitate the formation of SCML1-based
dense bodies in species of Muroidea. Thus, our observation
raises the possibility that the fast evolving SCML1 protein
may have acquired the ability to form dense bodies only in
the Muroidea superfamily of rodents. The relatively recent
emergence of these SCML1 properties in the Muroidea group
may explain why the dense body has not acquired essential
functions for spermatogenesis despite its apparent interactions
with essential pathways of spermatogenesis.
Materials and methods
RNA isolation and RT-PCR To test Scml1 expression in
testis and ovaries, RNA was isolated and RT-PCR was per-
formed as described earlier (Wojtasz et al. 2009a, b). Somatic
and germ cell populations of fetal ovaries were FACS sorted
based on forward and side scattering (Wojtasz et al. 2009b).
The RNA of the somatic tissue mix in Fig. 1a originated from
17 distinct tissues: liver, brain, thymus, heart, lung, spleen,
kidney, mammary gland, pancreas, placenta, salivary gland,
skeletal muscle, skin, small intestine, spinal cord, tongue and
uterus. To determine the sequence of the full-length Scml1
transcript, we used rapid amplification of cDNA ends PCR
(RACE-PCR). We started off with a partial cDNA clone of
Scml1 (NIA15k set: H3135E08.) and the GeneRacer Kit
(L1502-0 1, Invitrogen) was used according to manufacturer’s
instructions for RACE-PCR. Quantitative real-time RT-PCR
was carried out using GoTaq® qPCR Master Mix kit
(Promega) and qTOWER 2.0 Real-Time PCR machine
(Analytik Jena AG) according to manufacturer’s recommen-
dations. Expression was tested in duplicates in testes of three
independent littermate pairs of Scml1Y/+ and Scml1Y/− mice.
Gene-specific primers used for RT-PCRs: for Xist, Sycp3,
Ddx4 (Mvh) and S9 as published before (Wojtasz et al.
2009b), for Scml1 in Fig. 1, and exon 7 in Supplementary
Fig. S4, 5′-TGTACCTGGCTCTTCTACGATGC-3′ forward
primer and 5′-TGAGCAGAGCCTCCAAGAAGG-3′ reverse
p r imer, fo r 5 ′ RACE of Scml1 , 5 ′ -GGCAAAG
GGATCATCATCAACTAC-3′, for Scml1 exon 4–6 in
Supplementary Fig. S4, 5′-TGTCTGCCACTGGTGA
AGAG-3 ′ forward pr imer and 5 ′ -AGAAGGATC
TGGAACGAGCA-3′ reverse primer, for Rps9, 5′-GGCC
AAATCTATTCACCATGC-3′ forward primer and 5′-TAA
TCCTCTTCCTCATCATCAC-3′ reverse primer, for Hprt 5′-
GTACAGCCCCAAAATGGTTA-3′ forward primer and 5′-
GGCTTTGTATTTGGCTTTTCC-3′ reverse primer, for
Pdha1, 5′-GGGACGTCTGTTGAGAGAGC-3′ forward
primer and 5′-TGTGTCCATGGTAGCGGTAA-3′ reverse
primer, for Rbmy, 5′-CAAGAAGAGACCACCATCCT-3′
forward primer and 5′-CTCCCAGAAGAACTCACATT-3′
reverse primer, for LINE1, 5 ′-GGACCAGAAAA
GAAATTCCTCCCG-3′ forward primer and 5′-CTCTT
CTGGCTTTCATAGTCTCTGG-3′ reverse primer, for
IAP_3LTR, 5′-GCACATGCGCAGATTATTTGTT-3′ for-
ward primer and 5′-CCACATTCGCCGTTACAAGAT-3′ re-
verse primer, SINE B1, 5′-CGCCTTTAATCCCAGCACTT-
3′ forward primer and 5′-GGCTGTCCTGGAACTCACTC-3′
reverse primer
Generation of knockouts and genotyping The Scml1
targeting construct (see Supplementary Fig. S4) was designed
according to a multi-purpose allele strategy (Testa et al. 2004)
and generated by recombineering methods. To modify the X
chromosome-linked Scml1 locus, mouse R1 embryonic stem
cells, which are male cells, were cultured (usingmitomycin C-
inactivated mouse embryonic fibroblasts as feeders) and
electroporated with the linearized targeting construct using
standard protocols. Southern blotting was used to identify
correctly targeted embryonic stem cell clones: DNA was
digested overnight with SacI (internal probe) or StuI (5′ or
3′-probes), and DNA fragments were separated on agarose
gels for Southern blotting (data not shown). Correctly targeted
ES clones containing Scml1insertion alleles were transiently
transfected with CAGGS-FLPe and CAGGs-Dre vectors (se-
quences available on request) to remove FRT- and Rox-
flanked selection cassettes from the modified 6th and 7th in-
trons, respectively. Correctly modified ES clones carrying
Scml1restored alleles, where exon7 is floxed but there are no
large selection cassettes integrated, were identified by
Southern blotting; genomic DNAs were digested by XbaI,
separated by electrophoresis, blotted, and 3′-probes were used
to detect clones that carry Scml1restored alleles. Chimeras were
generated by laser assisted C57BL/6 morula injections with
Scml1Y/restored ES cell clones. Progeny of the chimeric animals
were crossed to the outbred wild-type CD-1® mouse line and
to PGK-Cre (Lallemand et al. 1998) transgenic mice to gen-
erate Scml1Y/deletion males and Scml1deletion/deletion females.
Given the loss of SCML1 protein in these mice, we consider
them null mutants of Scml1 and refer to their genotypes as
Scml1Y/− and Scml1−/− throughout the text. Mice were main-
tained on the outbred ICR (CD-1®) background. Mice were
initially genotyped by Southern blotting (Supplementary
Fig. S4) and by PCR in subsequent crosses using tail-tip ge-
nomic DNAs. Genotyping primers:
o382 Mes1-loxP1 5′-CACCAATACTGTCAACAACA
CC-3′
o383 Me s1 - l o xP2 5 ′ - TTCCTATCACCTTA
TGATCACTCTG-3′
o516 Mes1_Rox2_Fv 5′-ACTCATCCCCATACGA
AATCC-3′
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o517 Mes1_Rox2_Rv 5 ′-AAGCAAAATGCCT
GACTCC-3′
o597 LoxP-KO_Fw 5 ′ -GTCGAGATAACTTC
GTATAGCATA-3′
CreFw 5′-GCCTGCATTACCGGTCGATGCAACGA-3′
CreRv 5′-GTGGCAGATGGCGCGGCAACACCATT-3′
PCR product sizes: with Mes1-loxP1/Mes1-loxP2, wild-
type allele template-650 bp, Scml1restored template-850 bp;
with Mes1_Rox2_Fw/Mes1_Rox2_Rv, wild-type allele tem-
plate-508 bp, Scml1deletion template-no specific product; with
LoxP-KO_Fw/Mes1_Rox2_Rv, wild-type allele template-no
specific product, Scml1deletion template-308 bp; CreFw/CreRv
were used to detect Cre recombinase (750 bp).
Animal experiments Mice carrying Spo11-null allele were
described earlier (Baudat et al. 2000). Whenever possible,
experimental animals were compared with littermate controls
or with age-matched non-littermate controls from the same
colony. Each conclusion in the manuscript was based on at
least two experiments and at least two mice of each genotype.
To overexpress Venus-tagged version of SCML1 in spermato-
cytes, we injected 6–8 μl of an expression vector (5 μg/μl)
that carried Venus-Scml1 under the control of a CMV promot-
er into the rete testis of live juvenile mice (16dpp) according to
published protocol (Shibuya et al. 2014; Shoji et al. 2005).
One hour after injection, testes were held between tweezer
type of electrodes (CUY650P5, Nepagene) and in vivo elec-
troporation was carried with 4 times 35 V pulse for 50mswith
950 ms intervals in-between and 4 times in the other direction
with polarity switch function (Nepa21, Nepagene).
Spermatocytes were collected 24 h after electroporation for
the detection of Venus-SCML1 in spermatocytes. All animals
were used and maintained in accordance with the German
Animal Welfare legislation (‘Tierschutzgesetz’). All proce-
dures pertaining to animal experiments were approved by
the Governmental IACUC (‘Landesdirektion Sachsen’) and
overseen by the animal ethics committee of the Technische
Universität Dresden. The license numbers concerned by the
present experiments with mice are DD24-5131/207/18 (in
vivo testis electroporation) and DD24-5131/287/1 and 24-
9168.24-1/2006-13 (tissue collection without prior in vivo
experimentation).
Antibodies To produce a recombinant 6xHis-tagged version
of SCML1 for antibody generation, full-length mouse Scml1
open reading frame was cloned into pDEST17 bacterial ex-
pression vector. 6xHis-SCML1 was expressed in E. coliBL21
tRNA strain and was purified on Ni NTA Sepharose beads
(Cat#17-5318-01, GE Healthcare) under denaturing condi-
tions (8 M urea) followed by poly acrylamide gel purification.
Homogenized gel slices containing 6xHis-SCML1 were used
for immunization of two guinea pigs. Because the full-length
SCML1 protein was highly insoluble in non-denaturing
buffers, we cloned fragments of Scml1 open reading frame
into pDEST17 vector and tested the solubility of SCML1
fragments. A 6xHis-tagged 208 amino acid-long peptide
encompassing the SCML1 sequence between amino acids
294I and 501Q was soluble in non-denaturing buffers.
SCML1 fragment coupled to NHS-activated Sepharose 4 fast
flow beads (Cat#17-0906-01, GE Healthcare) were used to
affinity purify SCML1 antibodies. Non-purified serum (anti-
full-length SCML1) and affinity purified antibodies (anti-C-
terminal SCML1 fragment) from both guinea pigs gave sim-
ilar immunofluorescence staining patterns, and affinity puri-
fied antibodies showed similar immunoblot patterns (data not
shown). Both non-purified and affinity purified antibodies
were used for the detection of SCML1 by immunofluores-
cence (1:500), and affinity purified antibodies were used for
immunoblot (1:500–1000). In addition to antibodies that were
previously described (Daniel et al. 2011; Fukuda et al. 2010;
Wojtasz et al. 2009a, 2012), we used rabbit anti-FKBP6 anti-
body (IF: 1:50), rabbit anti-phospho S2-RNA polymerase II
(Abcam: ab5095, IF 1:500), mouse anti-SUMO-1 (developed
byM.Matunis, was obtained from the Developmental Studies
Hybridoma Bank, 1:250) and goat anti-GFP (30 μg/ml, pur-
chased from MPI-CBG Dresden protein facility).
Cell culture NIH 3T3 and HeLa cell lines were seeded on
polylysine treated coverslips in 12-well culture dishes.
Lipofectamine (Invitrogen) was used according to manufac-
turer’s recommendations to transfect these cells with vectors
that expressed either nuclear Cherry or Cherry-tagged SCML1
under CMV promoter (sequences available upon request).
Cells were cultured for 48 h after transfection, and then they
were fixed in PBS pH 7.4, 3.6 % formaldehyde for the visu-
alization of Cherry and SCML1.
Immunofluorescence microscopy Preparation and immuno-
staining of testis-ovary cryosections and nuclear surface
spreads of meiocytes were carried out as described before
(Peters et al. 1997; Wojtasz et al. 2009a).
Immunogold labelling of ultrathin cryosections for elec-
tron microscopy Mouse testes were fixed with 4 % parafor-
maldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4) and
processed for Tokuyasu cryosectioning (Slot and Geuze 2007;
Tokuyasu 1980). Tissue pieces were washed in PB, infiltrated
in graded series of gelatine (1, 3, 7 and 10 % gelatin in PB),
cooled on ice, dissected into small cubes (0.5×0.5×0.5 mm),
incubated in 2.3 M sucrose/water for 24 h at 4 °C, mounted on
pins (Leica # 16701950) and plunge frozen in liquid nitrogen.
Seventy-nanometre sections were cut on a Leica UC6+FC6
cryo-ultramicrotome and picked up in methyl cellulose/
sucrose (1 part 2 % methyl cellulose (MC), Sigma M-6385,
25 cP+ 1 part 2.3 M sucrose). For immunogold labelling,
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grids were placed upside down on drops of PBS in a 37 °C
incubator for 20 min, washed with 0.1 % glycine/PBS
(5×1 min), blocked with 1%BSA/PBS (2×5 min) and incu-
bated with anti-SCML1 (guinea pig antibody, 1:100) for 1 h.
After washes in PBS (4×2 min), sections were incubated with
Protein A conjugated to 10-nm gold for 1 h, washed in PBS
(3 × 5 s, 4 × 2 min) and post-fixed in 1 % glutaraldehyde
(5 min). Sections were washed in distilled water (6×1 min),
stained with neutral uranyloxalate (2 % uranylacetate (UA) in
0.15 M oxalic acid, pH 7.0) for 5 min, washed in water and
incubated in MC containing 0.4 % UA for 5 min. Grids were
looped out, the MC/UA film was reduced to an even thin film
and air dried. Finally, the sections were analysed on a
Morgagni 268 (FEI) at 80 kV and images were taken with a
MegaView III digital camera (Olympus).
Preparation of protein extracts Preparation of total, TritonX-
100-soluble and TritonX-100-insoluble testis extract fractions
was performed as published previously (Wojtasz et al. 2012).
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Figure-S1
Supplementary Figure S1. Scml1 transcript sequence. The sequence of the
Scml1 transcript was identified by RACE PCR on cDNA of adult mouse testis and
reconfirmed by RNA sequencing of embryonic ovarian RNAs. The 2869 bases
long transcript sequence encodes a 501aa long protein of 57.5kDa indicated in 1
letter code in red. Boxes in light blue mark regions that are missing from the
current NCBI Scml1 transcript prediction (XM_003945613.3).
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Supplementary Figure S2. Alignment of mouse SCML1 with its orthologues in
selected mammalian species. Mouse SCML1 sequence was aligned with the
sequence of the corresponding proteins from the indicated species by Clustal
Omega (http://www.ebi.ac.uk/Tools/msa/clustalo/). Star, double and single dot
indicates identical residues, and strong (score> 0.5 in the Gonnet PAM250
matrix) or weak (score=<0.5 in the Gonnet PAM250 matrix) similarity,
respectively. Box with light purple filling marks the imperfect repeats of the T/P-
V/I/M-D/N-L/N/C-S/N/T/A-Q/L/V-T/P/G-V/F/L/I-Q-Y/N-T-D/N/E 12-amino acid
sequence of mouse SCML1, and the corresponding regions in rat and Chinese
hamster SCML1. The conserved sterile alpha motif (SAM) is marked by blue box
without fill.
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Supplementary Figure S3. Over expressed tagged-SCML1 forms round shape
structures on the nucleus of both spermatocytes and somatic cells. (a) Venus-
SCML1, (b) nuclear Cherry, or Cherry-SCML1 were ectopically expressed in (a)
spermatocytes, (b upper two panels) NIH-3T3, or (b lower two panels) HELA
cells. DNA was detected by DAPI. Fluorescence of Cherry was used to detect
overexpressed (b) Cherry or Cherry-SCML1. Immunofluorescence was used to
detect SYCP3 (a, axis marker), 2AX (a, sex body marker), (a) Venus-SCML1
and (b) SCML1. (a) Cloud-like staining pattern in the SYCP3 channel is signal
bled from the 2AX channel, representing the unsynapsed chromatin of sex
chromosomes. Venus-SCML1 accumulates strongly in a round shape structure
associated with sex chromosomes in a pachytene spermatocyte. In addition, it
shows a less pronounced accumulation on the sex-chromatin. Arrows mark
reduced DAPI and 2AX staining at the positions of the anti-SCML1 stained
structures. Scale bars, 10μm.
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Supplementary Figure S4. The targeting of Scml1. (a) Schematics of the
targeting construct, the wild-type (WT) and modified Scml1 genomic locus. Black
boxes represent exons (not to scale). Recombination at the homology arms (HA)
of the targeting construct modifies the Scml1 locus by introducing: 1) an
additional FRT sites flanked exon that contains a strong splice acceptor site
followed by LacZ-neomycin resistance gene fusion (LacZ, Neo), 2) a LoxP site
preceding exon 7, 3) a Rox site flanked transcriptional unit that contains the
strong housekeeping PGK promoter driving the Hygromycin (Hyg) resistance
gene as a selection marker, and 4) a LoxP site downstream of this cassette .
Recombination catalysed by FLPe at FRT sites removes the LacZ-Neo exon, and
recombination catalysed by Dre at Rox sites removes the Hygromycin selection
cassette leaving behind a LoxP site flanked exon 7. Excision of exon 7 with Cre
causes a frameshift after the 72nd codon of the Scml1 open reading frame. The
positions of PCR-genotyping primers are indicated. Red bars mark the Southern
blot probes used for the genotyping of various alleles; the predicted length of
restriction fragments is indicated. (b) Southern blot of DNA from wild-type male
(Y/+), a heterozygote female (+/-), Scml1-deficient male (Y/-), and female (-/-)
mice derived from the targeted embryonic stem cell clones. DNA was digested
with XbaI and probed with 3´probe. (c) RT-PCR was used to detect Scml1 and
"house-keeping" Rps9 transcripts in the testes of wild-type and Scml1Y/- mice.
Oligos specific either to exon 7 or exon 4 and 6 of Scml1 were used. (d) Total,
chromatin-poor TritonX-100 soluble (sol) and chromatin-rich insoluble (insol)
extracts were prepared from testes of adult wild-type mouse. In addition,
recombinant 6xHis-tagged version of SCML1 was produced in bacteria and
purified on Nickel-column. SCML1 was detected by immunoblotting following
polyacrylamide gel electrophoresis of these samples using the same antibodies.
Although the predicted molecular weight of SCML1 is 57.5kDa, a prominent band
(arrows) is recognized approximately at 100kDa both in testis samples and in the
recombinant (6xHis-SCML1) sample. (e) Total testis extracts of wild-type and
Scml1Y/- mice were analysed by immunoblotting using the indicated antibodies. A
protein band (arrow) likely representing full length SCML1 at around 100kDa is
present in wild-type testis extract and absent from Scml1Y/- testis extract.
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SUMMARY
Orderly segregation of chromosomes during meiosis
requires that crossovers form between homologous
chromosomes by recombination. Programmed DNA
double-strand breaks (DSBs) initiate meiotic recom-
bination. We identify ANKRD31 as a key component
of complexes of DSB-promoting proteins that
assemble on meiotic chromosome axes. Genome-
wide, ANKRD31 deficiency causes delayed recombi-
nation initiation. In addition, loss of ANKRD31 alters
DSB distribution because of reduced selectivity for
sites that normally attract DSBs. Strikingly, ANKRD31
deficiency also abolishes uniquely high rates of
recombination that normally characterize pseudoau-
tosomal regions (PARs) of X and Y chromosomes.
Consequently, sex chromosomes do not form cross-
overs, leading to chromosome segregation failure in
ANKRD31-deficient spermatocytes. These defects
co-occur with a genome-wide delay in assembling
DSB-promoting proteins on autosome axes and
loss of a specialized PAR-axis domain that is highly
enriched for DSB-promoting proteins in wild type.
Thus, we propose a model for spatiotemporal
patterning of recombination byANKRD31-dependent
control of axis-associated DSB-promoting proteins.
INTRODUCTION
Programmed DNA double-strand breaks (DSBs) are critical
for meiosis because they initiate meiotic homologous recom-
bination, and their repair generates reciprocal DNA ex-
changes called crossovers (COs). In most organisms, COs
must form between each pair of homologous chromosomes
(homologs) for correct chromosome segregation in the first
meiotic division (Hunter, 2015). Because of the importance
and the potential genotoxicity of DSBs, DSB formation and
repair are under tight spatiotemporal control (Keeney
et al., 2014).
Meiotic DSB formation and repair take place in the con-
text of the meiosis-specific chromosome axis and the synap-
tonemal complex (SC) (reviewed in de Massy, 2013; Hunter,
2015; and Keeney et al., 2014). Initially, multiple DSBs
are formed along the axes, which are linear chromatin
structures along the shared core of sister chromatid pairs
in meiotic prophase. Single-stranded DNA ends formed by
processing of DSBs invade homologs, which promotes
alignment and synapsis of homolog axes. It is the resultant
SC where recombination completion, including CO formation,
occurs.
DSB formation is catalyzed by an evolutionarily conserved
topoisomerase-like enzyme complex consisting of the
SPO11 enzyme and its binding partner TOPOVIBL (Bergerat
et al., 1997; Keeney et al., 1997; Robert et al., 2016; Vrielynck
et al., 2016). SPO11 activity depends on a partially conserved
set of auxiliary proteins (MEI4, REC114, and IHO1 in mice) that
assemble into axis-bound complexes, called pre-DSB recom-
binosomes, prior to DSB formation (de Massy, 2013; Kumar
et al., 2010; Stanzione et al., 2016). Pre-DSB recombinosomes
are thought to promote DSBs by activating SPO11 on axes.
Anchoring of pre-DSB recombinosomes to axes relies on
IHO1 (Mer2 in budding yeast) and meiosis-specific HORMA
domain proteins in both budding yeast and mammals (Kumar
et al., 2015, 2018; Panizza et al., 2011; Stanzione et al., 2016).
HORMAD1-IHO1 assemblies can form independent of MEI4
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or REC114, providing an axis-bound platform for pre-DSB re-
combinosome assembly (Kumar et al., 2018; Stanzione et al.,
2016). HORMAD1, IHO1, and pre-DSB recombinosomes are
restricted to unsynapsed axes, which is hypothesized
to concentrate DSB-forming activity to genomic regions
requiring DSBs for completion of homolog alignment
(Kauppi et al., 2013; Stanzione et al., 2016; Wojtasz
et al., 2009).
Meiotic chromatin is thought to be arrayed into loops
anchored on chromosome axes (Zickler and Kleckner, 1999),
and DSBs seem to form in these loops (Blat et al., 2002; Pan-
izza et al., 2011). Sites of frequent DSB formation, called hot-
spots, are also associated with open chromatin marks, such
as trimethylation of histone H3 lysine 4 (H3K4me3) and lysine
36 (H3K36me3) (Buard et al., 2009; Davies et al., 2016; Grey
et al., 2017; Powers et al., 2016; Smagulova et al., 2011).
Thus, axis-bound pre-DSB recombinosomes are hypothe-
sized to target SPO11 activity by recruiting open chromatin
sites from within loops to the axis via a poorly understood
mechanism (reviewed in Grey et al., 2018). In most mammals,
DSB hotspots emerge at sites bound by the histone methyl-
transferase PRDM9 in a sequence-specific manner. PRDM9
generates the histone marks H3K4me3 and H3K36me3 at
these sites (Grey et al., 2018). Additionally, by an unknown
mechanism, PRDM9 prevents DSBs at other H3K4me3-rich
genomic locations, such as transcription start sites or en-
hancers, which serve as hotspots in Prdm9/ meiocytes
(hereafter called default hotspots) (Brick et al., 2012; Diagour-
aga et al., 2018). An exception to this rule is the pseudoauto-
somal region (PAR) of X and Y chromosomes, where high DSB
activity occurs independent of PRDM9 (Brick et al., 2012). X
and Y chromosomes are homologous only in the PAR; there-
fore, at least one CO must form in this relatively short region to
ensure segregation of these chromosomes. Thus, DSB den-
sity is between 10- to 110-fold higher in the PAR than in the
rest of the genome (Kauppi et al., 2011; Lange et al., 2016).
High DSB activity is possibly enabled by a unique PAR chro-
matin environment characterized by both strong accumulation
of PRDM9-independent histone H3K4me3 (Brick et al., 2012)
and the combination of a disproportionately long axis and
short chromatin loops (Kauppi et al., 2011). However, the
importance of these features in DSB control has not been
tested, and the mechanisms underlying the high recombina-
tion rate in the PAR remain enigmatic.
Here we report the identification of a novel meiotic protein,
ANKRD31, that plays a major role in the temporal and spatial
control of meiotic DSBs. Strikingly, ANKRD31 is required to
prevent DSBs at default hotspot sites and to ensure DSBs/
COs in the PAR. Both roles likely rely on ANKRD31’s function
in organizing axis-bound pre-DSB recombinosomes.
RESULTS
Conserved ANKRD31 Associates with Pre-DSB
Recombinosomes
To identify new players in meiotic recombination, we searched
for genes that are preferentially expressed in mouse gonads,
where prophase meiocytes are present. We reviewed Encyclo-
pedia of DNA Elements (ENCODE) transcriptome datasets
(Consortium, 2011, 2012) and profiled expression in repro-
ductive tissues. This approach identified a previously unchar-
acterized gene, Ankrd31 (Figures 1A, 1B, and S1A). Ankrd31
encodes a 1,857-amino acid protein (NCBI Protein database:
XP_006517860) that is conserved among vertebrates (Fig-
ure S2). In most vertebrate taxa, ANKRD31 contains two
separated triplets of Ankyrin repeats, which are common pro-
tein-protein interaction motifs (Mosavi et al., 2004). C-terminal
to the Ankyrin repeats, there are three further conserved do-
mains: a predicted coiled-coil domain and two regions without
functional predictions.
Immunostaining of histological sections of testes recon-
firmed presence of ANKRD31 in meiotic cells (Figures 1C
and S1B). Antibodies to both an N- and a C-terminal fragment
of ANKRD31 stained spermatocyte nuclei from premeiotic
DNA replication until early pachytene. In contrast, somatic
cells lacked a consistent ANKRD31 signal. Localization of
ANKRD31 was analyzed in detail in nuclear surface-spread
spermatocytes at distinct prophase sub-stages (Figure 1D;
Table S1; see STAR Methods for staging prophase). Focal
ANKRD31 staining was detected on chromatin between pre-
leptotene and early pachytene, with focus numbers peaking
in leptotene (Figures 1D–1G and S1C–S1F). Most ANKRD31
Figure 1. ANKRD31 Is a Meiotic Protein that Preferentially Localizes to Unsynapsed Axes
(A and B) Ankrd31 transcript levels are shown as transcripts per million (TPM) in (A) total RNAs of fetal ovaries at the indicated developmental stages or (B)
mixtures of equal quantities of total RNAs of 17 somatic tissues (somatic) or 17 somatic tissues plus adult testes (testis + somatic).
(C) DNA staining by DAPI and immunostaining of ANKRD31 and a meiotic chromosome axis marker, SYCP3, in testis sections. Guinea pig antibodies against an
N-terminal fragment of ANKRD31 (Gu-ANKRD31 Nt) were used. Seminiferous tubules at stages IX and X are shown; see STAR Methods for staging. Sertoli cells
(se), leptotene (le), zygotene (zy), late pachytene (lpa), and diplotene (di) spermatocytes and elongating spermatids (es) are marked. Gu-ANKRD31 Nt antibodies
stained some interstitial cells strongly (yellow arrowhead) and Sertoli cell nuclei weakly. We consider these signals non-specific because they were not repro-
duced by rabbit antibodies against the same ANKRD31 fragment (Rb-ANKRD31 Nt); see Figure S1B.
(D–F) ANKRD31, SYCP3, and a marker of synapsis, SYCP1 (transverse filament protein), were stained in spread spermatocytes of adult mice. Rb-ANKRD31 Nt
antibodies stained ANKRD31. Matched exposed images of ANKRD31 are shown. SYCP3 and SYCP1 were differentially levelled to optimize viewing of overlay
images. Insets of late zygotene and zygotene-pachytene spermatocytes are enlarged in (E) and (F), respectively. X and Y chromosomes and unsynapsed (unsy)
and synapsed (sy) regions of an autosome are marked in some images of (D)–(F). In (F), an arrowhead and arrowmark a large and a small aggregate of ANKRD31
on the PAR ends of sex chromosomes and the end of an autosome, respectively.
(G) ANKRD31 focus counts (Rb-ANKRD31 Nt) in preleptotene (prele), leptotene (le), early zygotene (ezy) and late zygotene (lzy) spermatocytes. Cell numbers (n)
and medians (bars) are shown.
Scale bars, 50 mm (C), 10 mm (D), 2.5 mm (E and F).
See also Figures S1 and S2 and Table S1.
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Figure 2. ANKRD31 Colocalizes with DSB-Promoting Proteins on Chromosome Axes and Forms Aggregates in PARs and PAR-like Regions
(A, D, G, and J) Immunostained spreads of early zygotene (A and B) or zygotene-to-pachytene transition (G) wild type (WT) spermatocytes or late zygotene-like
Iho1–/– (J) spermatocytes. MEI4 (A) and REC114 (D) signals are shifted to the right by three pixels in the enlarged insets. Arrowheads mark co-aggregates of
ANKRD31, MEI4 and REC114.
(B, C, E, and F) Quantification of overlap between ANKRD31 andMEI4 (B and C) or REC114 (E and F) foci in leptotene (le) and early zygotene (ezy) spermatocytes.
Overlap was significantly reduced when ANKRD31 images were turned 90 (turn, red) relative to MEI4 or REC114 images. Wilcoxon signed-rank test,
****p < 0.0001.
(G) Left: arrowheads mark co-aggregates of ANKRD31 and MEI4 in the PAR and at three autosome ends in a spermatocyte at zygotene-to-pachytene transition.
Right: an arrow marks the PAR in enlarged insets.
(legend continued on next page)
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foci associated with the chromosome axes (85.5% in lepto-
tene, n = 29 spermatocytes; 88.7% in early zygotene, n = 32
spermatocytes), but foci were depleted from axes upon SC
formation (Figures 1E, S1C, and S1E). Beyond numerous rela-
tively small foci (median diameter, 0.26 mm), ANKRD31 also
formed up to eight larger aggregates (median diameter,
0.62 mm) from preleptotene to pachytene (Figures 1D, 1F,
and S1F). Median numbers of aggregates peaked at five in
leptotene and declined to three as spermatocytes progressed
to early pachytene (n = 108 spermatocytes). ANKRD31 locali-
zation resembled the localization of two pre-DSB recom-
binosome components, MEI4 and REC114 (Kumar et al.,
2010, 2015; Stanzione et al., 2016). We found substantial
colocalization between ANKRD31 and MEI4 or REC114 foci
(Figures 2A–2F and S3A), and large ANKRD31 aggregates
always colocalized with similar aggregates of REC114
(n = 98 spermatocytes) and MEI4 (n = 89 spermatocytes and
n = 24 oocytes; Figures 2A, 2D, 2G, and S3A–S3C) in
both sexes.
Yeast two-hybrid (Y2H) assays also indicated that ANKRD31
directly interacted with two known components of pre-DSB re-
combinosomes, IHO1 and REC114, but not with HORMAD1
(Figures 2H and S3D; Table S2), which acts as an anchor for
pre-DSB recombinosomes on axes (Kumar et al., 2015; Stan-
zione et al., 2016). These results suggest that ANKRD31 might
be incorporated into pre-DSB recombinosomes by directly inter-
acting with REC114 and IHO1.
ANKRD31 Forms Aggregates in PARs
We examined ANKRD31 aggregates more closely because
aggregates of pre-DSB recombinosome components were
poorly characterized before. In zygotene and pachytene,
where chromosome axes were well developed, it was
apparent that aggregates of ANKRD31, REC114, and MEI4
associated with the ends of a subset of chromosomes (Figures
1D, 1F, 2G, S3B, and S3C). In spermatocytes, one of the ag-
gregates always associated with PARs of X and Y chromo-
somes. The rest of the aggregates were associated with up
to three non-centromeric autosomal ends (Figure S1F).
Consistent with these observations, an independent study by
Acquaviva et al. (2019) discovered that the presence of similar
sequences in PARs and the non-centromeric ends of auto-
somes 4, 9, and 13 is associated with ANKRD31 aggregate
formation at these loci in both oocytes and spermatocytes.
Peculiarly, although ANKRD31, MEI4, and REC114 foci were
detectable only on unsynapsed axes, aggregates persisted
on synapsed chromosome ends until early pachytene, which
was most obvious in PARs in spermatocytes (Figures 1D,
1F, 2G, S3B, and S3C). Aggregates disappeared only after
meiocytes progressed beyond early pachytene (Figure 1D
and data not shown).
Distinct Molecular Requirements for ANKRD31
Aggregates and Foci
Given their differential persistence in synapsed regions, foci and
aggregates of ANKRD31, MEI4, and REC114 might represent
qualitatively different protein complexes with distinct underlying
molecular requirements. To test this possibility, we compared
the localization of ANKRD31, REC114, and MEI4 in Mei4/,
Rec114/, and Iho1/ spermatocytes (Figures 2J and S3E–
S3I). Previously, strongly reduced REC114 and MEI4 focus
numbers have been reported in Mei4/ and Rec114/ mice,
respectively (Kumar et al., 2018). In addition, we found that
both focus and aggregate formation of ANKRD31, REC114,
and MEI4 were disrupted in Mei4/ and Rec114/ spermato-
cytes (Figures S3E–S3G; Table S3). Remarkably, only ANKRD31
(Figure 2I), MEI4, and REC114 foci (Stanzione et al., 2016), but
not aggregates, were diminished in Iho1/ spermatocytes (Fig-
ure 2J). ANKRD31 aggregates formed efficiently in Iho1/ sper-
matocytes; the median numbers of aggregates were four in both
wild-type (n = 62) and Iho1/ (n = 57) spermatocytes in zygo-
tene. These aggregates always colocalized with aggregates of
MEI4 (n = 100) and REC114 (n = 100) in Iho1/ spermatocytes
(Figures 2J and S3H). ANKRD31 aggregates also colocalized
with PAR fluorescence in situ hybridization (FISH) signals in
late zygotene-like Iho1/ spermatocytes (R94% of FISH sig-
nals and ANKRD31 aggregates colocalize with each other,
n = 51; Figure S3I). These observations support the hypothesis
that ANKRD31 interacts withMEI4-REC114 complexes. Further-
more, these data show that distinct molecular requirements
underpin focus formation of ANKRD31, MEI4, and REC114 in
non-PAR regions and aggregate formation of the same proteins
in PARs and at PAR-like ends of chromosomes 4, 9, and 13
(as identified by Acquaviva et al., 2019).
Loss of ANKRD31 Affects Fertility of Mice
To test ANKRD31’s functions, we generated twomouse lines (by
CRISPR/Cas9 editing) with distinct frameshift mutations in exon
6 of Ankrd31 (Figure 3A). These lines had indistinguishable phe-
notypes in initial analysis; hence, we focused only on one of
them, mut1. A frameshift after the 134th codon in the longest
open reading frame (ORF) of Ankrd31 is predicted to severely
truncate ANKRD31 in the mut1 line. Hence, hereafter, we refer
to mut1 as a loss-of-function allele (Ankrd31/). Immunoprecip-
itation-western blot analysis of testis extracts and immunofluo-
rescence in fixed gonadal samples reconfirmed that ANKRD31
domains that are C-terminal to the frameshift position are
not produced in Ankrd31/ meiocytes (Figures S4A–S4F).
(H) Schematics of the ANKRD31 domains and Y2H interactions. Colored boxes mark ankyrin repeats (ANK1 and ANK2), the coiled-coil domain (CC), and
conserved regions 4 (CR4) and 5 (CR5). Blue lines and numbers showANKRD31 residues that interact with the indicated proteins in Y2H. + and ++mark weak and
strong interactions, respectively.
(I) ANKRD31 focus counts in preleptotene (prele), leptotene (le), early zygotene (ezy), and late zygotene (lzy) spermatocytes. Cell numbers (n) and medians (bars)
are shown. Mann-Whitney U test, 0.001 < p < 0.01 (**) and ****p < 0.0001.
(J) Iho1/ spermatocyte with fully formed chromosome axes. Enlarged insets (bottom) show a co-aggregate of ANKRD31 and REC114.
In (A), (D), (G), and (J), scale bars represent 10 mm in low-resolution images and 5 mm in enlargements.
See also Figure S3 and Tables S2 and S3.
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(A) Targeting of Ankrd31 exon 6 by CRISPR/Cas9. Sequences of guide RNA (gRNA), protospacer adjacent motif (PAM; underlined), and exon 6 (capital letters)-
intron 6 (lowercase letters) boundaries are shown in wild-type (WT) and mutant lines (mut1 and 2).
(B) DAPI staining of DNA in testis sections. Seminiferous tubules with metaphase spermatocytes are shown (stage XII in wild type and XII-like in Ankrd31/;
STAR Methods). Sertoli cells (se), zygotene (zy) spermatocytes, metaphase cells (m), lagging chromosomes (la), and immature sperm (sp) are marked. Center:
enlarged color-coded insets. Scale bars, 50 mm (sections) and 5 mm (zoom).
(C) Quantification of seminiferous tubules that contain metaphase spermatocytes. Number of tubules (n) counted in four experiments, weighted averages of
percentages, and SD are shown.
(D–F) SC (SYCP1) was detected in combination with an axis marker (SYCP3) in Ankrd31+/+ and Ankrd31/ spermatocytes.
(legend continued on next page)
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Disruption of Ankrd31 caused no obvious somatic phenotypes
but led to fertility defects. Although female Ankrd31/ mice
were fertile, they lost fertility faster than wild type in advanced
age. Average numbers of pups per breeding week were 1.53
and 1.38 between 8–28 weeks of age (not significant) and 0.92
and 0.45 beyond 28 weeks of age (p = 0.0272, paired t test) in
wild-type and Ankrd31/ mothers, respectively (n = 6 mice for
each genotype). Male Ankrd31/ mice were infertile (no pups
after 88 breeding weeks, n = 5 males).
To test whether these fertility defects were caused by a
reduced capacity of Ankrd31/ meiocytes to progress through
meiosis, we examined oocytes and spermatocytes in histologi-
cal sections. Consistent with reduced female fertility, we
observed 4.95-fold lower median oocyte numbers in Ankrd31/
mice than in wild type at 6–7 weeks of age (Figure S4G). This
reduction in oocyte number was associated with elevated rates
of apoptosis, as determined by cleaved PARP1 staining (Daniel
et al., 2011; Ghafari et al., 2007), in the oocytes of newborn
Ankrd31/mice compared with wild-type (Figure S4H). Consis-
tent with loss of fertility in males, the testis weight was 2.7-fold
lower in Ankrd31/ than in wild-type mice (Figure S4I). Investi-
gation of gametogenesis in histological sections revealed
elevated apoptosis after mid-pachytene in spermatocytes of
Ankrd31/ mice (Figure S4J; Table S4). Nevertheless, notice-
able fractions of spermatocytes progressed to the first meiotic
metaphase, where they arrested, as evidenced by the elevated
proportion of seminiferous tubules that contained metaphase
cells (Figures 3B and 3C). These metaphase cells often con-
tained chromosomes that did not line up at the metaphase plate
(1.7% and 89% in n = 173 and n = 146 wild-type and Ankrd31/
meiotic metaphase I spermatocytes, respectively), which indi-
cated chromosome alignment defects in Ankrd31/ mice (Fig-
ure 3B). Most metaphase spermatocytes underwent apoptosis,
and only few post-meiotic cells were detected in Ankrd31/
mice (Figure S4J).
We conclude that compromised meiocyte survival provides a
plausible explanation for fertility defects in Ankrd31/ mice.
Compromised Synapsis in Ankrd31–/– Meiocytes
Persistent DSBs and defective synapsis induce oocyte elimina-
tion in newborn mice and spermatocyte elimination in pachytene
(Barchi et al., 2005; Burgoyne et al., 2009; Di Giacomo et al.,
2005). In contrast, deficiencies in maturation of DSBs into COs
lead to chromosome alignment defects and an arrest in meta-
phase I in spermatocytes (Burgoyne et al., 2009). Hence, the
complex patterns of elimination of Ankrd31/ meiocytes
prompted us to investigate meiotic recombination in Ankrd31/
mice. Both chromosome axis formation and SC formation are
used to stage meiotic prophase and provide a reference for ki-
netic studies of recombination (Table S1). Hence, we first tested
whether chromosome axes form and second whether SCs form
with normal kinetics in Ankrd31/ spermatocytes. Axes formed
with wild-type kinetics (Figure S5A), but SC formation was de-
layed on autosomes in Ankrd31/ spermatocytes (Figures 3D
and 3E). Despite this delay, most Ankrd31/ spermatocytes
seemed to complete autosomal SC formation in adults (Fig-
ure 3D). Because of methodological limitations, it is unclear
whether all spermatocytes succeeded in autosomal synapsis
in adults (see STAR Methods for an explanation). Autosomal
SC formation occurred with high fidelity because we did not
observe obvious non-homologous interactions in pachytene-
stage spermatocytes (n > 200) in our Ankrd31/ mutant line.
SC formation was compromised in Ankrd31/ oocytes (Fig-
ure S5B), which also manifested in higher rates of asynapsis in
Ankrd31/ oocytes (54.76%, n = 126 oocytes) compared with
wild-type oocytes (22.96%, n = 135 oocytes) at a fetal develop-
mental stage where oocytes are in mid-pachytene (Table S5).
Together, these observations suggest that, although ANKRD31
is not required for homology search per se, ANKRD31 is required
for efficient and timely engagement of homologous chromo-
somes genome-wide in both sexes.
Compared with autosomes, we observed a more penetrant
defect in SC formation between the PARs of the heterologous
sex chromosomes in males. PARs failed to synapse in 99.7%
(n > 420) and 99% (n = 191) of pachytene spermatocytes from
adult or juvenile Ankrd31/ mice, respectively. Beyond asynap-
tic PARs, various abnormal sex chromosome configurations
were observed in Ankrd31/ spermatocytes (Figure 3F). This in-
dicates that ANKRD31 plays a more important role in ensuring
recombination between the PARs of heterologous sex chromo-
somes than autosomes.
Delayed Formation and Resolution of Early
Recombination Intermediates in Ankrd31–/– Meiocytes
To examine the possible reasons that underpin deficiencies in
synapsis formation in Ankrd31/ meiocytes, we monitored the
kinetics of recombination intermediates (Figures 4 and S5C).
Single-stranded DNA ends resulting from DSBs are marked by
the recombinases RAD51 and DMC1 and the replication protein
A (RPA) complex (Hunter, 2015). Levels of thesemarkers on DSB
repair intermediates change as recombination progresses.
Although RAD51 and DMC1 tend to mark intermediates in unsy-
napsed regions (prevalent in leptotene and early zygotene), RPA
accumulates to higher levels on intermediates in synapsed re-
gions (prevalent in late zygotene and early pachytene). The focus
numbers of all three markers drop as wild-type meiocytes
(D) The indicated categories of SYCP1 staining patterns were quantified in populations of histone H1t-negative spermatocytes that had a short axis (equivalent to
wild-type leptotene), long incomplete axes (early zygotene), or fully formed continuous axes (late zygotene and early pachytene cells). Spermatocytes of adults or
13-day-old juvenile mice were examined. Cell numbers (n), SD, and the weighted averages of three (adults) or two (juvenile, 13 days old) experiments are shown.
(C and D) Chi-square test, non-significant (ns); ****p < 0.0001.
(E and F) SYCP3 and SYCP1 staining in spread spermatocytes. Scale bars, 10 mm.
(E) Images represent the axis development categories of (D).
(F) Sex chromosome configurations in wild-type and Ankrd31/ spermatocytes. The dominant fraction of Ankrd31/ spermatocytes (76%) has unsynapsed
X and Y chromosomes without other apparent abnormalities. Minor fractions have self-synapsed or short Y axes (12.5%), X-autosome fusions (6.6%), or
circularized Y (4.8%); n = 271 spermatocytes. X (arrows) and Y (arrowhead) chromosomes are marked.
See also Figures S4 and S5 and Tables S4 and S5.
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progress to late pachytene, indicating completion of DSB repair
at this stage. RAD51, DMC1, and RPA foci accumulated with a
delay in Ankrd31/ spermatocytes (Figures 4A–4E and S5C).
Focus numbers remained abnormally low until early zygotene,
increasing only after chromosome axes fully formed (late zygo-
tene-like stage). Thereafter, RAD51, DMC1, and RPA foci per-
sisted in abnormally high numbers until late prophase in
Ankrd31/ spermatocytes, indicative of a DSB repair defect
(Figures 4C–4E). To assess the kinetics of DSB formation and
repair, we also measured another DSBmarker, serine 139-phos-
phorylated histone H2AX (gH2AX) (Figures 4F and 4G). gH2AX
accumulation is thought to mainly reflect DSB-dependent ATM
activity in early prophase and DSB- and unsynapsed axes-
dependent Ataxia telangiectasia and Rad3 related protein
(ATR) activity after mid zygotene (Barchi et al., 2008; Bellani
et al., 2005; Royo et al., 2013). gH2AX levels were much lower
in Ankrd31/ than in wild-type spermatocytes in leptotene
and early zygotene, which could indicate a delay in DSB forma-
tion or reduced ataxia telangiectasia mutated (ATM) activation in
response to DSB formation. The analysis of the pre-DSB recom-
binosome presented below supports the interpretation of a DSB
formation delay. In contrast, gH2AX robustly accumulated on
unsynapsed chromatin from late zygotene, consistent with pro-
ficient ATR activation on unsynapsed chromatin. This also
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Figure 4. Delayed Kinetics of Recombination Foci in Ankrd31–/– Spermatocytes
(A, B, and F) Immunostaining of chromosome axis (SYCP3) and DMC1 (A), RPA (B), or gH2AX (F) in spreads of early zygotene (A, B, and F, left) or late zygotene
(F, right) spermatocytes. Scale bars, 10 mm. Early zygotene cells are shown in (A) and (B).
(C–E and G) DMC1 (C), RAD51 (D), and RPA (E) focus numbers and total nuclear gH2AX signal (G) are shown in spermatocytes at (C–E) leptotene (le), early
zygotene (ezy), late zygotene (lzy), early pachytene (epa), mid pachytene (mpa) and late pachytene (lpa) and (G) pooled leptotene and early zygotene (le-ezy) or
late zygotene (lzy). Cell numbers (n) and medians (bars) are shown. Mann–WhitneyU test, non-significant, 0.05 < p (ns), 0.01 < *p, 0.001 < **p, and ****p < 0.0001.
See also Figure S5.
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manifested in the apparently normal accumulation of gH2AX in
the unsynapsed chromatin of sex chromosomes, called the
sex body, in pachytene (Figure S5D). We also noted that higher
numbers of gH2AX flares persisted on synapsed chromatin in
late pachytene and diplotene spermatocytes in Ankrd31/
mice compared with wild type (Figures S5D and S5E). These
gH2AX flares are distinct from the sex body and likely indicate
persisting recombination intermediates along synapsed sec-
tions of autosomes (Chicheportiche et al., 2007).
ANKRD31 had a qualitatively similar effect on the dynamics of
DSB repair proteins in oocytes compared with spermatocytes
(Figures S5F–S5O). Accumulation of RAD51, DMC1, and RPA
foci was delayed, and both RPA and gH2AX signals persisted
longer in late prophase in Ankrd31/ oocytes compared with
wild type.
Overall, our data suggest that accumulation of DSB recombi-
nation intermediates is delayed in both sexes of Ankrd31/
meiocytes, which delays and/or compromises SC formation.
Persistence of recombination foci also indicates defective
and/or delayed DSB repair. These defects provide a plausible
explanation for elevated apoptosis in pachytene spermatocytes
and oocytes of newborn mice. The DSB repair and SC defects
appear to be subtle enough to allow the production of a cohort
of oocytes for reproduction, which, however, cannot maintain
high fertility with increasing age. Likewise, the subtlety of the
DSB repair defects could explain the survival of a significant
cohort of Ankrd31/ spermatocytes beyond prophase.
COs Are Lost from PAR in Ankrd31–/– Spermatocytes
A penetrant defect in PAR synapsis in spermatocytes (Figure 3F)
prompted us to test whether a CO formation defect in X and Y
PAR could account for the unaligned chromosomes in meta-
phase-arrested Ankrd31/ spermatocytes (Figure 3B). Hence,
we examined whether Ankrd31/ spermatocytes are defective
in the formation of MLH1-marked recombination foci, which
are thought to be precursors ofmost COs inmid- and late pachy-
tene (Figures 5A and 5B; Hunter, 2015). Although MLH1 foci
formed on autosomes in normal numbers in most Ankrd31/
spermatocytes, MLH1 foci were always absent from the PARs
of sex chromosomes in pachytene cells. We also examined
chromosome spreads of metaphase spermatocytes. Although,
in wild type, chiasmata were present between each pair of ho-
mologs and between sex chromosomes (n = 79 cells), no
Ankrd31/ spermatocytes had chiasmata between X and Y
chromosomes, as detected by FISH (n = 57 cells; Figure 5C).
A small fraction of cells (10.12% of 89 cells examined without
FISH) also lacked a chiasma between an autosome pair. Overall,
these observations suggest thatMLH1 foci form andmature with
high efficiency on autosomes, but never in PARs, in spermato-
cytes. The loss of PAR-associated COs explains the observed
metaphase arrest phenotype of Ankrd31/ spermatocytes.
Hence, it is likely that loss of ANKRD31 affects fertility
more in males than in females because ANKRD31 is required
for recombination between male-specific heterologous sex
chromosomes.
CO formationmay fail in PARs because of an absence of DSBs
or a repair defect of existing DSBs. To test these possibilities, we
detected DSB foci (RPA) in combination with a FISH probe that
recognizes PAR sequences that border the heterologous parts
of X and Y chromosomes (Figure 5D). RPA foci were present
on at least one of the two PARs in most wild-type spermatocytes
(91.7%, n = 169) but only in a minority of (20.9%, n = 67)
Ankrd31/ spermatocytes in late zygotene or early pachytene.
This observation contrasts globally normal RPA focus numbers
in Ankrd31/ spermatocytes in late zygotene and early pachy-
tene (Figure 4E). Thus, ANKRD31 seems to be more critical for
DSB formation in PARs than in the rest of the genome.
ANKRD31 Is Required for the Normal Spatial
Distribution of Meiotic DSBs
The disproportionately severe reduction of DSB repair focus
numbers in PARs compared with autosomes suggested that
the spatial distribution of DSB formation is altered in the absence
of ANKRD31. To test this possibility, we performed genome-
wide mapping of single-stranded DNA ends that result from
DSB formation in the testes of adult mice. We carried out chro-
matin immunoprecipitation of the meiosis-specific recombinase
DMC1 and analyzed the immunoprecipitates by sequencing (sin-
gle-stranded DNA [ssDNA] chromatin immunoprecipitation
sequencing [ChIP-seq] [SSDS]) (Khil et al., 2012; Smagulova
et al., 2011; Figures 6 and S6; Tables S6 and S7). SSDS informs
on the relative steady-state levels and genomic distribution of
DMC1-associated ssDNA in early recombination intermediates,
which are a function of both DSB formation and the half-life of
early recombination intermediates.
An Increased Use of Default Hotspots
DSB hotspot numbers were higher inAnkrd31/ (22,215) than in
wild-type control (13,507) testes, asmeasured by SSDS.We also
observedmajor differences in the spatial distribution of DSB hot-
spots between Ankrd31/ testes and wild type (Figures 6A, 6B,
and S6A). InAnkrd31/mice, 61%of DSB hotspots overlapped
with PRDM9-dependent hotspots of B6 Ankrd31+/+ (hereafter
called B6 hotspots), and 33% overlapped with DSB hotspots
of Prdm9/ mice (default hotspots) that mostly associate with
active promoters (Brick et al., 2012). A further 6% of the
Ankrd31/ hotspots were at previously undescribed sites (here-
after called ‘‘new’’). In Ankrd31/, the average strength of hot-
spots overlapping with B6 hotspots was the highest, and new
hotspots were the weakest (Figure 6C).
In addition, a redistribution of the intensity of SSDS signals
was observed at hotspots overlapping with B6 hotspots in
Ankrd31/ testes. This was illustrated by a lower correlation in
hotspot-associated SSDS signals (Pearson’s correlation coeffi-
cient (r) = 0.76) between Ankrd31/ and wild-type samples
than between two wild-type samples (r = 0.98) (Figures 6D and
6E). Consistent with an apparent redistribution of ssDNA signals,
not all the B6 hotspots were detected as hotspots in Ankrd31/
testes. Weak B6 hotspots were detected in lower proportions in
Ankrd31/ testes than strong B6 hotspots (Figure S6B). Like-
wise, strong default hotspots of Prdm9/mice emerged as hot-
spots in Ankrd31/ mice with higher frequency than weak
default hotspots (Figure S6C). The combination of these obser-
vations suggested that there was a general shift from the use
of PRDM9-dependent B6 hotspots toward default hotspots in
Ankrd31/mice.We conclude that there is a differential hotspot
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Figure 5. PARs Fail to Engage in Recombination in Ankrd31–/– Spermatocytes
(A) Immunostaining in spread mid-pachytene spermatocytes, as identified by histone H1t staining (miniaturized H1t stain in, the corner of the overlay images).
Arrowheads mark MLH1 foci in PAR in enlarged images of X and Y chromosomes.
(B) MLH1 focus numbers in mid- to late pachytene. Cell numbers (n) and medians (bars) are shown. Mann-Whitney U test, 0.001 < p < 0.01 (**).
(C) FISH stained X and Y chromosomes in metaphase spreads; DAPI stained DNA.
(D) PAR FISH combined with SYCP3 and RPA staining in spread spermatocytes. One late-zygotene Ankrd31+/+ and two early-pachytene Ankrd3/ are shown.
Enlargements of boxes are shown below the respective full nucleus images. White dashed lines mark boundaries between PAR FISH signals and the rest of
chromosome X or Y. Arrowheads mark axis-associated RPA foci within or distal to PAR signals. Y chromosome PAR images are enlarged from both Ankrd31/
cells (Y1 and Y2). The enlarged image of the X chromosome PAR is only shown for one of the cells (X1) because the X PAR overlays an autosomal axis in the other
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Scale bars, 10 mm (A, C, and D) and 5 mm (A) or 2.5 mm (D) in the enlargements.
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Figure 6. Spatial Distribution of DSBs Is Altered in the Absence of ANKRD31
(A and G) DMC1 ChIP SSDS and histone H3K4me3 signal coverage (merged from two experiments) are shown in the indicated mouse lines in a 150-kb region of
chromosome 1 in (A) and in the broader PAR region of X chromosome in (G).
(A) Blue and black arrowsmark sites of published C57BL/6J (B6) hotspots and PRDM9-independent default hotspots fromDiagouraga et al. (2018) andBrick et al.
(2012), respectively. Long and short black arrows represent comparatively strong or weak hotspots in Prdm9/ mice according to DMC1 SSDS coverage.
(B) Proportion of Ankrd31/ hotspots that match PRDM9-defined (i.e., B6) or default hotspots or that do not match either (new).
(C) Average plots (top) and heatmaps (bottom) of DMC1 SSDS signals in Ankrd31/ mice at hotspots overlapping with B6, with default (i.e., from Prdm9/),
or with neither of those (new).
(legend continued on next page)
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use and, possibly, differential DMC1 loading or ssDNA turnover
at hotspots in Ankrd31/ compared with wild type, which could
be influenced by altered timing of recombination initiation.
A Strong Reduction in DSB Activity in the PAR
Given that loss of ANKRD31 altered the distribution of SSDS sig-
nals at the hotspot level, we wondered whether ANKRD31 may
also have differential effects in specific chromosomes and in
the PAR. Wild-type to Ankrd31/ SSDS signal ratios were close
to one (from 0.96 to 1.11) on each autosome and sex chromo-
some regions, excluding the PAR. In contrast, wild-type to
Ankrd31/ ratios were high in the PAR (9.4) and at hotspots
within a 150-kb region upstream of X PAR (Figures 6F and 6G;
Table S7; see also STAR Methods for mapping reads to PAR).
These observations indicate a strong decrease in DSB activity
in and around the PAR relative to the genome average in
Ankrd31/ male mice, which supports the hypothesis that
ANKRD31 has a particularly critical role in recombination and
DSB formation in the PAR.
Histone H3K4me3 Distribution on Chromatin Is Similar
in Wild-Type and Ankrd31–/– Testes
Global changes in the timing and the spatial distribution of DSBs
inAnkrd31/mice could be caused by a change in the testicular
transcriptome or altered chromatin organization. However, we
detected very few, if any, changes in the testis transcriptome
of juvenile (12 days old) Ankrd31/ mice relative to wild-type
mice (Figures S6D and S6E). Testicular PRDM9 protein levels
were also similar inAnkrd31/ andwild-type testes (Figure S6F).
Both PRDM9-dependent and PRDM9-independent hotspots are
characterized by enrichment for histone H3K4me3; therefore, we
performed histone H3K4me3ChIP-seq on testes of juvenile mice
(12 days old) to test whether an altered distribution of H3K4me3
could explain the patterns of DSB formation in Ankrd31/ mice
(Figures 6A and 6G). To allow better comparison of different
samples, we normalized the H3K4me3 signal to a common set
of transcription start sites (Davies et al., 2016; STAR Methods).
H3K4me3 signal enrichment appeared to be highly similar in
wild-type and Ankrd31/ mice both at B6 hotspots and
PRDM9-independent hotspots, including the broader region of
the PAR (Figures 6A and 6G; Table S7). Indeed, histone
H3K4me3 enrichment strongly correlated between wild-type
and Ankrd31/ testes at B6 (r = 0.99) and default (r = 0.99) hot-
spot sites (Figures 6H and 6I), indicating that PRDM9-dependent
and -independent H3K4me3 depositions are not affected in
Ankrd31/ mice. Furthermore, we found no significant correla-
tion between the variation of wild-type to Ankrd31/ SSDS
signal ratios and H3K4me3 signal ratios at B6 hotspots
(Figure S6G).
Together, these observations suggest that ANKRD31 is not
required for either PRDM9 methyltransferase activity at B6 hot-
spots or the accumulation of H3K4me3 at PRDM9-independent
hotspots, including the PAR. The shift in DSB activity from B6 to
default hotspots and the severe reduction in DSB activity in the
PAR in Ankrd31/ mice are therefore not due to changes in his-
tone H3K4me3 levels.
Timely Assembly of DSB-Promoting Proteins into
Chromatin-Bound Complexes Depends on ANKRD31
Given its localization on axes, ANKRD31 might modulate the
function of pre-DSB recombinosomes, which could provide a
feasible explanation for Ankrd31/ phenotypes. Consistent
with this hypothesis, we found that both MEI4 and REC114
foci appeared with delayed kinetics in Ankrd31/ spermato-
cytes (Figures 7A–7C and S7A–S7C). Nevertheless, MEI4 and
REC114 foci did accumulate by zygotene and persisted until
SC formation was complete. The kinetics of MEI4 and REC114
focus formation matched those of early recombination interme-
diates (RAD51, DMC1, and RPA foci), suggesting that a delay
in the formation of MEI4- and REC114-marked pre-DSB
recombinosomes contributes to a delay in DSB formation in
Ankrd31/ meiocytes.
Robust Aggregates of DSB-Promoting Proteins in PARs
Depend on ANKRD31
Although MEI4 and REC114 foci eventually formed in
Ankrd31/ meiocytes, we did not observe MEI4 and
REC114 aggregates in PARs or autosome ends (Figures 7B
and S7B). We also noticed an alteration of the chromosome
axis in PARs in Ankrd31/ meiocytes. SYCP3 staining ap-
peared brighter and/or thicker at the PAR end of sex chromo-
somes (particularly on the Y chromosome) in late zygotene and
at the zygotene-to-pachytene transition in wild type (Figures
1F, 7D, and S7D; Page et al., 2012). This alteration of PAR
axes was also highlighted by a marked enrichment of IHO1,
which is both a component of pre-DSB recombinosomes
and a recombinosome-independent marker of unsynapsed
axes (Stanzione et al., 2016). Thus, although IHO1 was not
required for MEI4, REC114, and ANKRD31 aggregates (Fig-
ures 2J, S3H, and S3I), IHO1 accumulation paralleled the for-
mation of MEI4 and REC114 aggregates (Figures 2G and S3C),
and also persisted in PARs after synapsis initiation (Figures
S7D and S7E).
In Ankrd31/ spermatocytes, IHO1 robustly decorated unsy-
napsed axes, but its PAR enrichment was strongly reduced; only
a weak enrichment of IHO1 could be discerned in a small minor-
ity of late zygotene and zygotene-to-pachytene transition cells
(15.56%, n = 59 cells, n = 2 mice). Mirroring this change, the
(D and E) SSDS signal comparison at PRDM9-defined hotspots between Ankrd31+/+ and Ankrd31/ (D) or between Ankrd31+/+ and wild-type C57BL/6J mice
(data from Diagouraga et al., 2018) (E).
(F) Ankrd31+/+ to /DMC1 SSDS signal ratios are shown for each autosome, the non-PAR regions of X (Xnp) and Y (Ynp), and the available sequence of the X PAR.
(G) Arrows mark PRDM9-independent hotspots in the non-PAR region upstream of the PAR.
(H–J) Comparisons of normalized H3K4me3 signals at PRDM9-defined (B6) (H), default (I), or new (J) hotspots sites between Ankrd31+/+ and Ankrd31/ mice.
(D, E, and H–J) Dotted red lines represent a one-to-one relationship between x and y. Levels represent the density calculated with the density2d function from R.
r is indicated with significance (p).
See also Figure S6 and Tables S6 and S7.
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bright and/or thickened SYCP3 stain was abolished in PARs in
Ankrd31/ spermatocytes. Together, these observations sug-
gest that ANKRD31 is required for the establishment of a special-
ized PAR axis domain that is particularly rich in DSB-promoting
proteins.
DISCUSSION
We identify ANKRD31 as a key meiotic protein that regulates the
spatial and temporal patterns of pre-DSB recombinosome as-
sembly and recombination activity in mice. Our findings are sup-
ported by similar observations of Boekhout et al. (2019) (in this
issue of Molecular Cell) and Acquaviva et al. (2019).
ANKRD31 Is Part of the Pre-DSB Recombinosome
ANKRD31 colocalizes with highly conserved protein compo-
nents of pre-DSB recombinosomes (Figures 2 and S3) (IHO1,
MEI4, and REC114 in mice) (de Massy, 2013; Kumar et al.,
2010, 2018; Stanzione et al., 2016). Although the precise archi-
tecture of these complexes is unknown, ANKRD31 association
with pre-DSB recombinosomes seems to involve direct inter-
actions with REC114 and IHO1 (Figures 2 and S3; Boekhout
et al., 2019). We observed two types of pre-DSB recombino-
somes: foci and aggregates. Foci formed genome-wide (Ku-
mar et al., 2010; Stanzione et al., 2016). Aggregates formed
in PARs and at the distal ends of chromosomes 4, 9, and
13, which share homology with PAR, as identified by Acqua-
viva et al. (2019) and reconfirmed by us using FISH (unpub-
lished data). We refer to these autosomal sites as PAR-like re-
gions. Pre-DSB recombinosome foci and aggregates have
distinct properties. Focus formation requires IHO1 and is
enhanced by, but not dependent on, ANKRD31. In contrast,
aggregate formation is independent of IHO1 but requires
ANKRD31. IHO1 is thought to recruit pre-DSB recombino-
somes to axes in most of the genome through its interaction
with HORMAD1. Hence, we propose that the mode of pre-
DSB recombinosome recruitment to axes is altered in PARs
and PAR-like regions. MEI4, REC114, and ANKRD31 are
mutually dependent for aggregate formation (Figure S3), and
ANKRD31 might be a specificity factor that recognizes some
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Figure 7. ANKRD31 Is Required for Timely MEI4 Focus Formation and Enrichment of DSB-Promoting Proteins in PARs
(A, B, and D) Immunofluorescence of the indicated proteins and centromere (CENT) in spread spermatocytes in leptotene (A) and late zygotene (B and D).
(A and B) MEI4 exposures were matched between genotypes.
(B) Arrowheads mark MEI4 aggregates. Fractions of late zygotene spermatocytes with MEI4 aggregates are shown in MEI4 images.
(C) MEI4 focus numbers in preleptotene (prele), leptotene (le), early zygotene (ezy), and late zygotene (lzy) spermatocytes. Cell numbers (n) andmedians (bars) are
shown. Mann-Whitney U test; 0.001 < p < 0.01 (**), ****p < 0.0001.
(D) Boxed X and Y chromosomes are enlarged (bottom). Arrows mark PARs, and arrowheads mark centromeric ends.
Scale bars represent 10 mm (A, B, and D) and 5 mm (D, enlargement). See also Figure S7.
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properties of PARs and PAR-like regions to allow aggregates.
Alternatively, ANKRD31 might confer specific properties on
pre-DSB recombinosome components, enabling them to be
enriched in the unique chromatin environment of PARs and
PAR-like regions. ANKRD31 also affects the organization of
chromosome axes because a noticeable thickening of axes
in PARs depends on ANKRD31 (Figure 7D). The formation of
a disproportionately long PAR axis, short DNA loops, and
extensive axis splitting, which underlies the axis thickening in
our study, all depend on ANKRD31 (Acquaviva et al., 2019).
Whether ANKRD31 reorganizes PAR chromatin directly or indi-
rectly (via MEI4 or REC114) is unknown.
ANKRD31 May Control Recombination Initiation by
Regulating Pre-DSB Recombinosomes
Beyond altered pre-DSB recombinosome formation, our study
revealed two clear consequences of ANKRD31 deficiency for
recombination initiation: first, a delay in DSB repair focus forma-
tion and second, a change in the localization and relative levels of
DSBs along chromosomes, as measured by SSDS, with the
most noticeable consequences in the PAR. The delay in the
accumulation of early recombination intermediates (DMC1,
RAD51, and RPA foci) matched the delayed appearance of
pre-DSB recombinosome foci in Ankrd31/ spermatocytes.
We thus propose that ANKRD31 enhances pre-DSB recombino-
some focus assembly, which helps timely initiation of recombi-
nation and SC formation between homologs (Figure S7E). A
related but possibly distinct molecular function of ANKRD31
may permit aggregate formation of DSB-promoting proteins in
PARs, ensuring obligate recombination initiation in this region
(Figure S7E).
Altered DSB Localization to PRDM9-Independent Sites
in Ankrd31–/– Mice
DSB activity at PRDM9-independent default sites is normally
repressed in wild type by a poorly understood PRDM9-depen-
dent mechanism that may reflect competition between
PRDM9-dependent and independent sites (Brick et al., 2012; Di-
agouraga et al., 2018). This control seems to be important
because extensive DSB activity at default sites is thought to
cause asynapsis and delay in DSB repair (Brick et al., 2012; Hay-
ashi et al., 2005). One of the striking features of the change in
DSB localization in Ankrd31/ mice is the use of default sites,
which could contribute to the synapsis defect and delayed
DSB repair kinetics in Ankrd31/ mice. It is unlikely that use of
default sites is due to changed PRDM9 activity in Ankrd31/
meiocytes because histone H3K4me3 distribution was not
significantly changed (Figures 6 and S6; Table S7). We favor
the idea that default site usage is a consequence of altered
pre-DSB recombinosome regulation. ANKRD31-dependent
properties of pre-DSB recombinosome could affect competition
between PRDM9-dependent and -independent sites. Alterna-
tively, delayed DSB formation might by itself promote the use
of default sites in Ankrd31/ mice. A potential link between
timing of DSB formation and use of PRDM9-independent sites
has been observed previously; PAR-associated DSBs aremostly
independent of PRDM9 and form later than autosome DSBs
(Kauppi et al., 2011).
DSB Control on the PAR
The PAR region is highly enriched for DSBs compared with the
genome average (Kauppi et al., 2011; Lange et al., 2016), and
we found that this enrichment requires ANKRD31 (Figure 6;
Table S7). Intriguingly, DSBs were lost from the PAR in
Ankrd31/mice independently of histone H3K4me3 enrichment
(Figure 6; Table S7). Enrichment of histone H3K4me3 has previ-
ously been linked to high DSB activity in the PAR (Brick et al.,
2012) but is not sufficient to ensure highDSBnumbers, according
to our results. We propose that robust DSB formation in the PAR
requires an ANKRD31-dependent enrichment of pre-DSB re-
combinosomes (Figures 7 and S7) and/or ANKRD31-dependent
alterations to axis-loop organization, as also suggested by Ac-
quaviva et al. (2019) and Kauppi et al. (2011). Thus, the distribu-
tion of pre-DSB recombinosomes on axes seems to have a
crucial role in defining genomic sites where DSBs occur.
Curiously, for unknown reasons, DSB activity is PRDM9-inde-
pendent in the PAR in mice (Brick et al., 2012). We speculate
that thismight have arisen because of erosion of PRDM9-binding
sites during evolution. Such erosion occurs when the template
used for the repair of DSBs at hotspots includes polymorphisms
that disrupt PRDM9 binding sites (Lesecque et al., 2014; Myers
et al., 2010). Because the strength of this effect increases with
hotspot strength, high DSB activity in the PAR is expected to
erode PRDM9 sequence motifs faster than in other genomic re-
gions. One way in which species could cope with the loss of
PRDM9 binding sites is the concurrent evolution of the PRDM9
protein (Latrille et al., 2017). Another way is to use localized
PRDM9-independentDSB initiation,whichmight require relieving
PRDM9-dependent repression of default hotspot sites in this re-
gion without affecting PRDM9 control in the rest of the genome.
This could occur by delaying DSB formation in the PAR to a
time window where PRDM9 is inefficient in providing a competi-
tive advantage to PRDM9-dependent hotspot sites and/or block-
ing default hotspots. A non-exclusive mechanism could be
assembly of pre-DSB recombinosome aggregates with unique
characteristics, which might permit establishment of a PAR-spe-
cific chromatin environment where PRDM9-independent DSBs
are possible. PRDM9-independent formation of DSBs in the
PAR is not a universal feature because there are PRDM9-depen-
dent hotspots in human PARs (Pratto et al., 2014; Sarbajna et al.,
2012). It will be interesting to determine whether the high level of
accumulation of pre-DSB proteins is an evolutionary conserved
feature of PARs or whether it is linked to PRDM9 independence
in DSB formation. We predict that high accumulation of pre-
DSB recombinosome proteins will promote high DSB density,
regardless of the extent of PRDM9 involvement.
Conclusions
The behavior of ANKRD31 and the phenotype of Ankrd31/
meiocytes show that correct timing and spatial patterning of
recombination initiation are dependent on ANKRD31 in mice.
Our observations strongly suggest that ANKRD31performs these
functionsbymodulating theproperties, formation kinetics, and/or
stability of complexes of essential DSB-promoting proteins local-
ized on chromosome axes. The phenotype of Ankrd31/ mice
provides support for the previously untested hypothesis that
spatial patterning of recombination initiation is controlled not
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only by the chromatin environment of potential DSB sites in chro-
matin loops but also by the DSB-forming machinery that assem-
bles in the topologically distinct compartment of thechromosome
axis. This paradigm is best exemplified in the PARs of heterolo-
gous sex chromosomes, where obligate recombination seems
to depend on ANKRD31-mediated enrichment of DSB promoting
proteins and modification of chromatin organization.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Guinea-pig polyclonal anti-ANKRD31 Nt fragment This study N/A
Rabbit polyclonal anti-ANKRD31 Nt fragment This study N/A
Rabbit polyclonal anti-ANKRD31 Ct fragment This study N/A
Chicken polyclonal anti-SYCP3 Finsterbusch et al., 2016 N/A
Chicken polyclonal anti-SYCP1 This study N/A
Guinea pig polyclonal anti-MEI4 Stanzione et al., 2016 N/A
Rabbit polyclonal anti-REC114 This study N/A
Mouse monoclonal anti-MLH1 Cell Signaling Cat# 3515S; RRID: AB_2145615
Rabbit polyclonal anti-DMC1 (H-100) Santa Cruz Cat# sc-22768; RRID: AB_2277191
Rabbit polyclonal anti-Rad51 (H-92) Santa Cruz Cat# sc-8349; RRID: AB_2253533
Rat monoclonal anti-RPA32 (4E4) Cell Signaling Cat# 2208; RRID: AB_2238543
Rabbit polyclonal anti-RPA C. Ingles’s Lab, Univeristy
of Toronto
N/A
Rabbit polyclonal anti-Histone H3 Abcam Cat# ab1791; RRID: AB_302613
Mouse monoclonal anti-phospho-Histone
H2A.X (Ser139)
Millipore Cat# 05-636; RRID: AB_309864
Rabbit polyclonal anti-cleaved PARP (Asp214) Cell Signaling Cat# 9544; RRID: AB_2160724
Guinea polyclonal pig anti-IHO1 Stanzione et al., 2016 N/A
Rabbit polyclonal anti-IHO1 Stanzione et al., 2016 N/A
Guinea pig polyclonal anti-Histone H1t This study N/A
Rabbit polyclonal anti-Histone H1t This study N/A
Human polyclonal anti-centromere protein
(CREST serum)
Antibodies Incorporated Cat# 15-234-0001
Mouse monoclonal anti-GAPDH Santa Cruz Cat# sc-32233; RRID: AB_627679
Mouse monoclonal anti-SYCP3 Santa Cruz Cat# sc-74569; RRID: AB_2197353
Mouse monoclonal anti-SYCP3 Abcam Cat# ab97672; RRID: AB_10678841
Guinea-pig polyclonal anti-SYCP3 Baudat and de Massy, 2007;
this study
N/A
Anti-Histone H3 (tri methyl K4) antibody Abcam Cat# ab8580; RRID: AB_306649
Goat polyclonal anti-DMC1 (C-20) Santa Cruz RRID: AB_2091206
Rabbit polyclonal anti-PRDM9 Grey et al., 2017 N/A
Rabbit polyclonal anti-MEI4 Kumar et al., 2010 N/A
Rabbit polyclonal anti-REC114 Kumar et al., 2018 N/A
Goat anti-rabbit IgG-HRP Pierce Cat# 32460; RRID: AB_1185567
Goat anti-rabbit IgG-HRP Jackson ImmunoResearch Cat# 111-035-003; RRID: AB_2313567
Goat anti-guinea pig IgG-HRP Jackson ImmunoResearch Cat# 706-035-148; RRID: AB_2340447
Goat anti-mouse IgG-HRP Jackson ImmunoResearch Cat# 115-035-003; RRID: AB_10015289
Goat anti-Rabbit IgG-AF488 Thermo Fisher Scientific Cat# A-11034; RRID: AB_2576217
Goat anti-Rabbit IgG- AF568 Thermo Fisher Scientific Cat# A-11036; RRID: AB_10563566
Goat anti-Rabbit IgG- AF647 Thermo Fisher Scientific Cat# A-21244; RRID: AB_2535812
Goat anti-guinea pig IgG-AF488 Thermo Fisher Scientific Cat# A-11073; RRID: AB_2534117
Goat anti-guinea pig IgG-AF568 Thermo Fisher Scientific Cat# A-11075; RRID: AB_2534119
Donkey anti-guinea pig IgG-DyLight405 Jackson ImmunoResearch Cat# 706-475-148; RRID: AB_2340470
Goat anti-mouse IgG-AF405 Thermo Fisher Scientific Cat# A-31553; RRID: AB_221604
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Goat anti-mouse IgG-AF488 Thermo Fisher Scientific Cat# A-11029; RRID: AB_2534088
Goat anti-mouse IgG-AF568 Thermo Fisher Scientific Cat# A-11031; RRID: AB_144696
Goat anti-chicken IgY-AF405 Abcam ab175675
Goat anti-chicken IgY-AF488 Thermo Fisher Scientific Cat# A-11039; RRID: AB_2534096
Goat anti-chicken IgY-AF568 Thermo Fisher Scientific Cat# A-11041; RRID: AB_2534098
Goat anti-rat IgG-AF488 Thermo Fisher Scientific Cat# A-11006; RRID: AB_2534074
Goat anti-human IgG-AF647 Thermo Fisher Scientific Cat# A-21445; RRID: AB_2535862
Donkey anti-rabbit IgG-Cy3 Jackson ImmunoResearch Cat# 711-165-152; RRID: AB_2307443
Donkey anti-mouse IgG-Cy2 Jackson ImmunoResearch Cat# 715-225-150; RRID: AB_2340826
Bacterial strains
NEB 10-beta competent E.coli (High efficiency) New England Biolabs cat. #C3019I
ST0213 Stellar competent cells Takara cat. #636766
BL21 tRNA This study N/A
BL21(DE3)pLysS This study N/A
Recombinant proteins
6xHis-tagged Ankrd31 N-terminal fragment This study N/A
6xHis-tagged Ankrd31 C-terminal fragment This study N/A
6xHis-tagged REC114 N-terminal fragment This study N/A
6xHis-tagged REC114 C-terminal fragment This study N/A
6xHis-tagged Histone H1t full length This study N/A
Deposited Data
Raw and analyzed data for DMC1 ChIP SSDS
and H3K4me3-seq
NCBI GEO GEO: GSE126443
Raw data files for RNA-seq (gene expression
analysis in Ankrd31/)
NCBI GEO GEO: GSE119410
Raw data files for RNA-seq in gonads and
somatic tissues
NCBI GEO GEO: GSE119411
Mouse reference genome NCBI build NCBI38/mm10 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/mouse
Dataset of raw images from current study Mendeley Database https://doi.org/10.17632/jfb3msz44d.1
Experimental Models: Organisms/Strains
Mouse/ Ankrd31+/+ and Ankrd31/ This study
Mouse/ Rec114+/+ and Rec114/ Kumar et al., 2018
Mouse/ Mei4+/+ and Mei4/ Kumar et al., 2010
Mouse/ Iho1+/+ and Iho1/ Stanzione et al., 2016
Oligonucleotides
AS-79WT-FW2: ATGGAGTCACCAAAACACTGG Eurofins Genomics N/A
Ank_ex5gen_LngR: GTCACTCCCTCTCACAATCT Eurofins Genomics N/A
Ank_ex5gen_LngFW: CCAAGTAGAGGGTCAAAATTGC Eurofins Genomics N/A
KO79-RVagarose: GTTCATGAAAGCTTACCTTTTTG Eurofins Genomics N/A
Ank_ex5_gen_shFW: AGC TTGCCACCCTTACTTGT Eurofins Genomics N/A
Ank_ex5_gen_shR: GGTAGCCCTCATCCTTCTGC Eurofins Genomics N/A
DR274_F: AAATGGTCAGTATTGAGCCTCAG Eurofins Genomics N/A
DR274_R: AAAAGCACCGACTCGGTGCCAC Eurofins Genomics N/A
Ankrd31 gRNA: AGTCACCAAAACACTGG Eurofins Genomics N/A
Software and Algorithms
Bowtie 2 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml
Modified BWA algorithm Khil et al., 2012 N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and request for resources and reagents should be directed to the Lead Contact, Attila Toth (attila.toth@mailbox.
tu-dresden.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal experiments, choice of adults or juveniles
Gonads were collected from mice after euthanasia. Most cytological experiments of spermatocytes were carried out on samples
collected from adult mice unless indicated otherwise. In particular, we used juvenile mice (13-14 days old) to enrich for cells that
are in late zygotene or zygotene-to-pachytene transition. Juvenile mice were also used for transcriptome analysis and histone
H3K4me3 ChIPseq, where differences between the cellularities of testes in adult wild-type and Ankrd31/mice would have compli-
cated interpretation of experimental outcomes. The first wave of spermatocytes reachesmid pachytene in 14 days oldmice, at which
point cellularities of testes in wild-type andAnkrd31/mice begin to differ due to apoptosis of spermatogenic cells in the latter. Tran-
scriptomes and histone H3K4me3 patterns are expected to greatly differ in meiotic and non-meiotic cell populations of testes.
Therefore, altered relative proportions of these cell populations differentiate transcriptomes and histone H3K4me3 ChiPseq signal
distributions in testes of wild-type and Ankrd31/ mice that are older than 13-14days. Hence, we used 12 days old mice for these
experiments.
Animals were used andmaintained in accordance with the German AnimalWelfare legislation (‘‘Tierschutzgesetz’’). All procedures
pertaining to animal experiments were approved by the Governmental IACUC (‘‘Landesdirektion Sachsen’’) and overseen by the an-
imal ethics committee of the Technische Universit€at Dresden. The license numbers concerned with the present experiments with
mice are T 2014-1 and TV A 8/2017.
Generation of Ankrd31-knockout mice
Ankrd31mutant lines were generated using CRIPSR/Cas9 genome editing (Hwang et al., 2013), targeting exon6 of Ankrd31 gene. A
mixture of gRNA: AGTCACCAAAACACTGG (12.5 ng/ml) (designed using the online platform at https://zlab.bio/guide-design-
resources) and Cas9 nuclease mRNA (50 ng/ml) was injected into pronucleus/cytoplasm of fertilized oocytes. The oocytes were sub-
sequently transferred into pseudopregnant recipients. Injections and embryo transfer were performed by Transgenic Core Facility of
MPI-CBG (Dresden, Germany). Out of 115 injected embryos, 82 were transferred into females and 15 were born. 14 of the 15 born
pups had alterations in the targeted genomic locus. Two mice that were heterozygote for predicted frameshift causing alleles (mut1
andmut2, Figure 3A) were bredwith C57BL/6JCrl wild-typemice to establishmouse lines. All experiments reported in themanuscript
are based on samples from mice that were derivative of founder lines after at least three backcrosses.
METHOD DETAILS
CRISPR/Cas9 procedures
gRNA production
The guide RNA (gRNA) expression vector DR274 (Addgene #42250) was used to construct the gRNA (Hwang et al., 2013). Primers
encoding gRNA sequence were annealed to form double-strand DNA with overhangs for ligation into DR274 vector that was
Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Irreproducible Discovery Rate (IDR) methodology Landt et al., 2012 https://sites.google.com/site/anshulkundaje/
projects/idr
SAMtools Li et al., 2009 http://samtools.sourceforge.net/
deepTools2 Ramirez et al., 2016 https://deeptools.readthedocs.io/en/latest/
index.html
bedtools Quinlan and Hall, 2010 https://bedtools.readthedocs.io/en/latest/
picard tool MIT License http://broadinstitute.github.io/picard/
Other
XMP X Green MetaSystems Probes D-1420-050-FI
XMP Y Orange MetaSystems Probes D-1421-050-OR
XMP 4 orange MetaSystems Probes D-1404-050-OR
XMP 9 orange MetaSystems Probes D-1409-050-OR
XMP 13 orange MetaSystems Probes D-1413-050-OR
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linearizedwith Bsal restriction enzyme (NEB). PCRproduct was amplified from the resulting plasmid with DR274_F/DR274_R primers
and used as a template for in vitro transcription with MEGAscript T7 Transcription Kit (Ambion).
CAS9 mRNA preparation
To prepare Cas9 mRNA, we first used the restriction enzyme PmeI to linearize the plasmid MLM3613 (Addgene #42251) (Hwang
et al., 2013) that harbors a codon optimized Cas9 coding sequence and a T7 promoter for Cas9 mRNA in vitro synthesis. We
then used the linearized MLM3613 as template to synthesize the 50 capped and 30 polyA-tailed Cas9 mRNA using the mMESSAGE
mMACHINE T7 Ultra Kit (ThermoFisher, cat no: AM1345) according to the manufacturer’s instructions.
Genotyping Ankrd31-knockout mice
Tail biopsies were used to generate genomic DNA by overnight protease K digestion at 55C in lysis buffer (200mM NaCl,
100mM Tris-HCl pH 8, 5mM EDTA, 0.1% SDS). Following heat inactivation for 10 min at 95C. These genomic preparations were
used for PCR. F0 mice were genotyped by PCR amplification followed by PAGE electrophoresis and DNA sequencing. Mice in sub-
sequent crosses were genotyped by PCR amplification followed by agarose gel electrophoresis. Combination of four primers, AS-
79WT-FW2, Ank_ex5gen_LngR, Ank_ex5gen_LngFW, KO79-RV, were used to genotype the Ankrd31mut1 allele. PCR product
sizes were 623bp and 262bp for wild-type, and 624bp and 400bp for Ankrd31mut1 allele. Two primers, Ank_ex5_gen_shFW and
Ank_ex5_gen_shR, were used to genotype Ankrd31mut2 allele. PCR product sizes were 281bp for wild-type, and 248bp for
Ankrd31mut2 allele.
Generation of antibodies against fragments of ANKRD31, Histone H1t, SYCP1, and REC114
Antibodies were raised against two ANKRD31 fragments (N-terminal fragment, 144 amino acids between Thr182 and Met325 res-
idues, C-terminal fragment, 153 amino acids between Pro1470 and Arg1622 residues), full length Histone H1t, an SYCP1 fragment
(135 amino acids between Lys550 and Lys684), and a REC114 fragment (129 amino acids between Arg131 and Asn259 residues).
Coding sequences corresponding to these peptides were cloned into pDEST17 bacterial expression vector. Recombinant 6xHis-
tagged proteins were expressed in E. coli strains, BL21 tRNA (ANKRD31), Rosetta (SYCP1) or BL21(DE3)pLysS (Histone H1t and
REC114), and subsequently purified on Ni-Sepharose beads (Cat. no. 17-5318-01, Amersham, GE Healthcare). Purified proteins
were used for immunization of rabbits and guinea pigs or chickens. ANKRD31, Histone H1t, SYCP1, and REC114 fragments coupled
to NHS-Activated Sepharose 4 Fast Flow beads (Cat. no. 17-0906-01, Amersham, GE Healthcare) were used to affinity purify cor-
responding polyclonal antibodies following standard procedures.
ANKRD31 immunoprecipitation and western blotting
For preparation of protein extracts fromwild-type and Ankrd31-deficient testes, testes of 12 days old juvenile mice were detunicated
and homogenized in a lysis buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM MgCl2). Lysis buffer was sup-
plemented with protease inhibitors and phosphatase inhibitors: 1 mM Phenylmethylsulfonyl Fluoride (PMSF); complete EDTA-free
Protease Inhibitor Cocktail tablets (Roche, 11873580001); 0.5 mM Sodium orthovanadate; Phosphatase inhibitor cocktail 1 (Sigma,
P2850) and Phosphatase inhibitor cocktail 2 (Sigma, P5726) were used at concentrations recommended by the manufacturers.
Testis homogenates were lysed for 60 min at 4C in the presence of benzonase (Merck Millipore) to digest DNA during lysis. Lysates
were spun at 1000 g for 10 min. Supernatants were diluted two times with 50 mM Tris-HCl pH 7.5, 150 mM NaCl, mixed with 1 mg of
rabbit anti-ANRKD31 C-terminal antibody and incubated for 2.5 h at 4C. 1.5 mg of Dynabeads Protein A (Invitrogen) were added to
the lysate-antibody mix and incubated for 4 h at 4C. Beads were washed twice with washing buffer (50 mM Tris-HCl pH 7.2,
150 mM NaCl, 0.25% Triton X-100). Immunoprecipitated material was eluted from the beads by incubating the beads in 100 ml
Laemmli sample buffer for 10 min at 70C. The proteins from resulting elutions and input samples were separated on 4%–15%
TBX-acrylamide gradient gel (Bio-Rad) and blotted onto PVDF membrane (Sigma, P2938). Membranes were blocked for 1 h at
room temperature using blocking solution (5% skimmed milk, 0.05% Tween 20, in TBS pH 7.6) and incubated overnight at 4C
with guinea pig anti-ANKRD31 N-terminal (1:1000) and mouse anti-GAPDH (1:1000) primary antibodies diluted in 0.05% Tween
20 in TBS pH 7.6 (TBS-T). Afterward, horseradish peroxidase (HRP)-conjugated secondary antibodies (diluted in 2.5% skimmed
milk in TBS-T) were applied for 1 h at room temperature. Detection of secondary antibodies was performed with Immobilon Western
Chemiluminescent HRP Substrate (Millipore).
Cytoplasmic and nuclear fractionation for PRDM9 detection
Juvenile mouse testes were homogenized in hypotonic buffer (10 mM HEPES, pH 8.0, 320 mM sucrose, 1 mM PMSF, 1x Complete
protease inhibitor cocktail EDTA-free (Roche, Cat. Number 11873580001)) and phosphatase inhibitor 1x (Thermo Scientific, Halt
Phosphatase Inhibitor Cocktail, Cat Number 78420) in a glass douncer. Testis cell suspensions were centrifuged at 1000 g at 4C
for 10 min. Supernatants were collected and used as cytoplasmic fractions. Pellets were resuspended in RIPA buffer
(50 mM Tris-HCl, pH 7.5, 150 mMNaCl, 1 mM EDTA, 1%NP-40, 0.5%Na-deoxycholate, 0.1% SDS, 1x Complete protease inhibitor
EDTA-free (Roche)) and sonicated (4 cycles of 15 s ON, 15 s OFF, high power) on a Bioruptor Next-Gen sonicator (Diagenode). Sus-
pensions were centrifuged at 16000 g, 4C for 10min, and supernatants were collected and used as nuclear fractions. Cytoplasmic
and nuclear fractions (40 mg) were separated on a 4%–15% TBX-acrylamide gradient gel (Bio-Rad) and blotted onto nitrocellulose
membranes. The membrane was blocked for 1 h at room temperature (1xTBS-T / 5% Milk) and cut according to expected sizes.
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The upper part was incubated over night at 4Cwith affinity purified rabbit anti-PRDM9 (1:1000) (Grey et al., 2017) and guinea pig anti
SYCP3 (1:3000) raised against mouse SYCP3 residues 24-44. Secondary antibodies were goat anti-rabbit IgG-HRP (1:5000)
(1858415, Pierce) and goat anti-guinea pig IgG-HRP (1:5000) (706-035-148, Jackson Immuno Research). Blots were revealed
with Super Signal West Pico Chemiluminescent Substrate, 34080, Thermo Scientific).
Yeast two-hybrid (Y2H) assay
Yeast two-hybrid experiments were performed as described previously with minor modifications (Stanzione et al., 2016). Pairwise
interactions were tested in the Y2HGold Yeast strain (Cat. no. 630498, Clontech). To transform Y2HGold with bait and prey vectors,
yeasts were grown in 2xYPDAmedium overnight at 30C, 200 rpm shaking. Afterward, yeast cells were diluted to 0.4 optical density
(measured at 600 nm) and incubated in 2xYPDA for 5 h at 30C, 200 rpm shaking. Cells were harvested, washed with water and re-
suspended in 2 mL of 100 mM lithium acetate (LiAc). 50 ml of this cell suspension was used for each transformation. Transformation
mix included 1 mg of each vector (bait and prey), 60 mL of polyethylene glycol 50% (w/v in water), 9 ml of 1.0M LiAc, 12.5 mL of boiled
single-strand DNA from salmon sperm (AM9680, Ambion), and water up to 90 ml in total. The transformation mix was incubated at
30oC for 30 min, and then at 42C for 30 min for the heat shock. The transformation mix was removed following centrifugation at
1000 g for 10 min, and then cells were resuspended in water, and plated first on -Leu -Trp plates to allow selective growth of trans-
formants. After 2 days of growth, transformants were plated both on -Leu -Trp and -Leu -Trp -Ade -His plates for 2-7 days to test for
interactions. We followed themanufacturer’s instructions for media and plate preparation. The full length ANKRD31 protein activated
the Y2H reporter system even in the absence of potential binding partner proteins from mice, which prevented the use of full length
ANKRD31 in Y2H. To overcome this limitation, an array of fragments that cover the full length of ANKRD31 sequence were used in
Y2H (Table S2). Self-activation tests showed that interactions could be tested along the entire length of ANKRD31 by using a com-
bination of ANKRD31 prey and bait constructs.
Immunofluorescence microscopy
Preparation of spermatocyte spreads
Preparation and immunostaining of nuclear surface spreads of spermatocytes was carried out according to earlier described pro-
tocols with minor modifications (Peters et al., 1997; Stanzione et al., 2016). Briefly, testis cell suspensions were prepared in
PBS pH 7.4, then mixed with hypotonic extraction buffer in 1:1 ratio and incubated for 8 min at room temperature. After diluting
the cell suspension five times in PBS pH 7.4, cell suspensions were centrifuged for 5 min at 1000 g, and cells were resuspended
in the 1:2mixture of PBS and 100mMsucrose solution. Cell suspensions were added to seven times higher volume droplets of filtered
(0.2 mm) 1% paraformaldehyde (PFA), 0.15% Triton X-100, 1mM sodium borate pH 9.2 solution on diagnostic slides, and incubated
for 60 min at room temperature in wet chambers. Nuclei were then dried for at least 1 h under fume-hood. Finally, the slides were
washed in 0.4% Photo-Flo 200 (Kodak) and dried at room temperature.
Preparation of oocyte spreads
To prepare nuclear surface spread oocytes, two ovaries from each mouse were incubated in 20 mL hypotonic extraction buffer for
15 min (Hypotonic Extraction Buffer/HEB: 30 mM Tris-HCl, 17 mM Trisodium citrate dihydrate, 5 mM EDTA, 100 mM sucrose,
0.5 mM DTT, 0.5 mM PMSF, 1xProtease Inhibitor Cocktail). After incubation, HEB solution was removed and 16 mL of 100 mM su-
crose in 5mM sodium borate buffer pH 8.5 was added. Ovaries were punctured by two needles to release oocytes. Big pieces of
tissue were removed. 9 mL of 65 mM sucrose in 5 mM sodium borate buffer pH 8.5 was added to the cell suspension and incubated
for 3 min. After mixing, 1.5 mL of the cell suspension was added in a well containing 20 mL of fixative (1% paraformaldehyde/50mM
borate buffer pH:9.2/0.15% Triton X-100) on a glass slide. Cells were fixed for 45 min in humid chambers, then slides were air-dried.
Upon completion of drying slides were washed with 0.4% Photo-Flo 200 solution (Kodak, MFR # 1464510) for 5 min and afterward
they were rinsed with distilled water.
Immunofluorescence on gonad sections
To detect ANKRD31, testeswere sectioned before fixation. Collected testes were immediately frozen in OCT (Sakura Finetek Europe)
and sectioned (8 mm thick) on a cryostat. Slices of testes were allowed to dry on glass slides followed by fixation for 30 minutes at
room temperature in 4% paraformaldehyde in phosphate buffer pH 7.4 followed by permeabilization in PBS/0.2% Triton X-100 for
10min. Slides were washed in PBS 3 times, and blocked in blocking buffer (5% BSA in PBS, 0.05% tween-20, 0.05% Triton X-100)
before staining with anti-ANKRD31 and anti-SYCP3 antibodies, followed by DAPI staining. Anti-SYCP3 and DAPI staining served to
facilitate exact staging of prophase in spermatogonial cells.
To detect apoptosis in testis or ovary sections, we sectioned testes both before and after fixation and ovaries only after fixation. To
prepare sections of gonads after fixation, testes from adults and ovaries from newborn mice were fixed in 3.6% formaldehyde in PBS
pH 7.4, 0.1% Triton X-100 at room temperature for 40 min (testes) or 20min (ovaries). After fixation testes/ovaries were washed 3
times in PBS pH 7.4 and placed in 30% sucrose overnight at 4C. Fixed testes/ovaries were frozen on dry ice in OCT (Sakura Finetek
Europe). 8 mm thick sections (testes) and 5 mm thick sections (ovaries) were cut and dried onto slides. For ovary sections, an addi-
tional step of permeabilization was performed by incubating the slides for 10 min in methanol and 1 min in acetone at 20 C. The
sections were washed in PBS pH 7.4 and immediately used for immunofluorescence staining. Anti-cleaved PARP staining (apoptosis
marker) and histone H1t (post-mid pachytene stage marker) were detected by immunofluorescence in testes sections. DNA
was counterstained by DAPI to facilitate staging of seminiferous tubules. Anti-cleaved PARP and GCNA1 (oocyte marker)
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(Enders and May, 1994) were detected on oocyte sections. The numbers of cleaved PARP-positive and -negative oocytes were
counted on every seventh section to determine the proportion of apoptotic oocytes.
To assess oocyte numbers in adult mice DDX4 was detected in paraffin-embedded sections of ovaries in young adults (6-7weeks
old). Ovaries were dissected and fixed in 4% paraformaldehyde in 100 mM Sodium Phosphate buffer pH 7.4 overnight at 4C. Af-
terward, ovaries were washed 3 times in PBS pH 7.4, once with 70% ethanol and embedded in paraffin for sectioning at 5 mm thick-
ness. Deparaffinization and rehydration of the sections was performed as follows: 2 3 5 min in xylene, 2 3 5 min in 100% ethanol,
5min each in 95%, 85%, 70%, 50%ethanol, 23 5min in water. Sections were subjected to heat-mediated antigen retrieval in 10mM
Sodium citrate, 0.05%Tween 20, pH 6.0 for 20min on boiling water bath. Sections were permeabilized in PBSwith 0.2%Triton X-100
for 45 min at room temperature and processed for immunofluorescence staining immediately. DDX4-positive oocytes were counted
on every seventh section of both ovaries in each female mouse.
Staining procedures
Previously described blocking and immunostaining procedures (Stanzione et al., 2016) were optimized for immunostaining with each
combination of antibodies, details are available upon request.
Quantification of immunofluorescence signal levels and focus counts
Background corrected gH2AX signal was quantified in whole nucleus with a similar strategy as described earlier (Daniel et al., 2011).
DSB repair foci were counted ‘‘manually’’ on matched exposure images of wild-type and Ankrd31/ nuclear spreads of meiocytes.
Focus numbers of pre-DSB recombinosome proteins (MEI4, REC114 and ANKRD31) and the co-localization of foci were quantified
by Cell Profiler software as described previously for the analysis of MEI4, REC114 and IHO1 foci (Stanzione et al., 2016).
Immunofluorescence staining combined with pseudoautosomal region (PAR) Fluorescence in situ
hybridization (FISH)
After 10 min wash with Washing Buffer 1 (WB1, 0.4% Photo-Flo 200, 0.01% Triton X-100 in water), surface spreads were incubated
overnight at room temperature with the primary antibody diluted in antibody dilution buffer (ADB) (10% goat serum, 3%bovine serum
albumin [BSA], 0.05% Triton X-100 in phosphate-buffered saline [PBS]).
Then, slides were washed in 10 min WB1 and 10 min Washing Buffer 2 (WB2 0.4% Kodak Photo-Flo 200 in water), and incubated
with the secondary antibody for 60 min in a pre-warmed humidified chamber at 37C in the dark. Following further 10 min WB1,
10 min WB2 and 1 min PBS washes, slides were incubated in Hoechst 33258/PBS solution for at least 20 min in a room temperature
humidified chamber. Air-drying slides for 10 min at room temperature in the dark, coverslips were mounted using ProLong Gold
Antifade Mountant without DAPI (Molecular Probes- Life technologies cat. num. P36934). Images were captured using Leica
CTR6000 Digital Inverted Microscope connected to a charge-coupled device camera and analyzed using the Leica software
LAS-AF, for fluorescent microscopy.
Preparation of clone DNA and nick translation
BAC clone for PAR region (RP24500I4) were grown in standard Luria Bertani (L.B) medium at 32C for a minimum of 16 h. DNA pu-
rification was obtained with Plasmid Maxi-Prep Kit (QIAGEN). Determination of DNA concentration was made by both UV spectro-
photometry at 260 nmand quantitative analysis on agarose gel. 1 mg of extracted BACDNAwasmarkedwith fluorescent green-dUTP
(Enzo Life Sciences, ref 02N32-050) using Nick Translation Kit (Abbott Molecular) according to the manufacturer’s instructions. For
FISH experiment, marked probe was precipitated in EtOH 100%, 3 mM Sodium Acetate pH 5.2 and 0.1 mg/ml mouse Cot-1 DNA
(Invitrogen) at 80C overnight. Resulting pellet was suspended in hybridization buffer (Enzo Life Sciences) according to the man-
ufacturer’s instructions and denatured at 73C for 5 min in a water bath.
PAR Fluorescence in situ hybridization (FISH)
Following immunofluorescence, spread slides were washed with fresh PBS at RT for 5 min, rinsed briefly in dH2O and dehydrated
passing through an ethanol series and air-dried. After aging (65C for 1 h), slides were denatured for 7min in 70% formamide/23SSC
solution at 72C and immediately dehydrated, passing it through20C cooled ethanol series and air-dried. FISH probe was applied
to the slides for denaturation and hybridization steps in a humid chamber (75C for 10 min and 37C for at least 16 h, respectively).
Following two washes with stringent wash buffer (43 SSC/0.2%Tween-20) at 55C, slides were dehydrated through an ethanol se-
ries and air-dried. Nuclei were stainedwith Hoechst 33258/PBS solution for 20min at RT and coverslipsweremounted using Antifade
Mountant without DAPI. Images were captured using Leica CTR6000 digital inverted microscope and analyzed using Leica software
LAS-AF.
Immunofluorescence staining combined with chromosome FISH
Testes from 14 days old mice (C57BL/6J) were dissected and spread nuclei of spermatocytes were prepared as described earlier
(Peters et al., 1997) withminormodifications. Briefly, a single-cell suspension of spermatogenic cells in 0.1mMsucrosewith protease
inhibitors (Roche) was dropped on 1% paraformaldehyde-treated slides and allowed to settle for 3 h in a humidified box at 4C. After
brief washingwith water and PBS, the spread nuclei were blockedwith 5%goat serum in PBS (vol/vol), the cells were immunolabeled
in a humid chamber at 4C for 12 h with specific antibodies: anti-ANKRD31 N-terminal domain (diluted 1:400, rabbit antibody), anti-
SYCP3 (1:50, mouse monoclonal antibody, Santa Cruz #74569) and anti-CENT (1:200, human – purified antibodies from human
anti-centromere positive serum, Antibodies Incorporated #15-235). Secondary antibodies were used at 1:500 dilutions and
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incubated at 4C for 90 min; goat anti-Rabbit IgG-AlexaFluor488 (MolecularProbes, A-11034), goat anti-Mouse IgG-AlexaFluor594
(MolecularProbes, A-11032), and goat anti-Human IgG-AlexaFluor647 (MolecularProbes, A-21445).
After the immunofluorescence staining, the slides were used for Fluorescence in situ hybridization (FISH) as described (Kauppi
et al., 2011) with DNA FISH probes for mouse chromosomes 4, 9 and 13. Briefly, the slides were dehydrated, denatured and hybrid-
ized in a humid chamber at 37C for 60 hours with one of three mouse chromosome painting probes with an orange emitting fluo-
rochrome (Meta Systems probes): 1. XMP 4 orange (# D-1404-050-OR); 2. XMP 9 orange (# D-1409-050-OR); 3. XMP 13 orange
(# D-1413-050-OR). After FISH, the slides were washed in stringency wash solution, drained and mounted in Vectashield-DAPI+
mounting medium.
The images were examined by Nikon Eclipse 400 microscope with a Plan Fluor objective 60x (MRH00601, Nikon) with a setup of
five filter blocks: UV (Ex330-380/ Em400-420), FITC (Ex465-495/ Em505-520), ET Orange (Ex530-560/ Em580-600), Sp107/TR
(Ex590-615/ Em615-645), CY5 (Ex620-660/ Em660-700). The images were captured using a DS-QiMc monochrome CCD camera
(Nikon) and the NIS-Elements program (Nikon). The acquired images were processed with NIS-Elements program and saved in
TIF for each channel.
Diakinesis/Metaphase I chromosome spreading
Chromosome spreads of diakinesis/metaphase I stage spermatocytes were prepared as described in (Holloway et al., 2010). Briefly,
testeswere decapsulated and tubuleswere disrupted in hypotonic buffer (1% trisodium citrate in water). Large clumpswere removed
and the cell suspension was incubated in hypotonic buffer for 20min at room temperature. Cell suspension was centrifuged at 200 g
for 10min and supernatant was removed. Afterward, cells were fixed in a methanol/acetic acid/chloroform (3:1:0.05 ratio) fixative,
centrifuged and resuspended in ice-cold methanol/acetic acid solution (3:1 ratio). Fixed cells were dropped onto slides, dried quickly
(in humid conditions), and stained with Hoechst 33342.
XY chromosome painting in metaphase spreads
For sex chromosome painting, probes specific for X and Y chromosomes were used (XMP X Green, XMP Y Orange, MetaSystems).
FISH protocol was performed according to manufacturer’s instructions.
Staging of meiotic prophase
The first meiotic prophase can be subdivided into stages by a combination of three markers, SYCP3 (chromosome axis marker),
SYCP1 (SC marker) and Histone H1t (post-mid pachytene marker in spermatocytes) (Table S1, for details see also (Stanzione
et al., 2016). The stages that can be distinguished by thesemarkers are listed briefly below, for a more detailed description see (Stan-
zione et al., 2016). Preleptotene stage corresponds to the premeiotic DNA replication in the cell cycle of germ cells. In a previous
study (Stanzione et al., 2016), we used EdU labeling in combination with SYCP3 stain to define axis morphology that characterizes
preleptotene spermatocytes. Based on this earlier study we define preleptotene as a stage where hazy/punctate staining pattern of
SYCP3 is observed throughout the nucleus. The next stage, leptotene, is characterized by short stretches of axes and no SC. This is a
stage where recombination is initiated in wild-type. The next stage is early zygotene, which is characterized by long, yet still frag-
mented, axis stretches. SC is also detected in this stage in SC proficient genotypes. During late zygotene, axes of all chromosomes
are fully formed but SCs are incomplete. Cells enter pachytene when SC formation is completed in wild-type. All chromosomes are
fully synapsed in pachytene oocytes. In contrast, only autosomes synapse fully and heterologous sex chromosomes synapse only in
their PARs in spermatocytes.We also define a zygotene-to-pachytene transition stage for spermatocytes, where up to one autosome
pair has not finished synapsis and/or sex chromosomes were still unsynapsed or about to synapse in wild-type. Sex chromosome
axes, in particular X chromosome axes, are long and stretched out in this stage. Histone H1t staining is used to sub-stage pachytene.
Histone H1t is absent or weak in early pachytene. Histone H1t levels are intermediate and high in mid and late pachytene, respec-
tively. Pachytene is followed by the diplotene stage, during which axes desynapse and the SC becomes fragmented. Histone H1t
levels are high in this stage in spermatocytes. In oocytes the same stages exist but histone H1t cannot be used as a staging marker.
Instead the developmental time of fetuses can be used to aid staging. Most oocytes are in zygotene and mid-pachytene in fetuses
16 and 18 days postcoitum. Most oocytes are in pachytene/diplotene in newborn mice.
Staging of prophase is not straightforward in mutants that have SC defects. We used axis morphology to unequivocally define
boundaries between leptotene, early zygotene and late zygotene (see Table S1). However, by itself, axis morphology cannot be
used to unambiguously distinguish stages after late zygotene. This is because fully formed axis characterizes stages between
late zygotene and early diplotene, and SC is not a reliable marker in cells where SC formation is incomplete. We used histone H1t
levels to aid staging in spermatocytes with fully formed axes. This allowed us to unambiguously identify pre late pachytene stages
by the lack of histone H1t staining. Given the delayed/defective SC formation in Ankrd31/ mice, Ankrd31/ spermatocytes that
have fully formed axis, incomplete SC, and low histone H1t levels could correspond to late zygotene or an abnormal early pachytene.
For the purpose of our study we categorised these cells as late zygotene. We note that this ambiguity does not influence our con-
clusions about kinetics of pre-DSB recombinosome formation, recombination initiation or DSB repair. This is because our conclu-
sions rely on either the unambiguous differentiation between leptotene, early zygotene and late zygotene stages based on axis
morphology or the unambiguous differentiation between early pachytene and late pachytene based on histone H1t staining. Given
the PAR synapsis defect in Ankrd31/ spermatocytes we defined zygotene-to-pachytene transition as a stage where up to one
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autosome pair is not fully synapsed in Ankrd31/ spermatocytes. However, we note that some of these cells might be early pachy-
tene cells with defective synapsis. Pachytene was defined as a stage where all autosomes are fully synapsed but sex chromosomes
may or may not be synapsed in Ankrd31/ spermatocytes.
Staging of mouse seminiferous tubule cross sections
Spermatogenic cells that are located in the same section of a seminiferous tubule initiate and execute meiosis on a coordinated
manner in mice. Meiotic entry occurs in spermatogenic cell layers at the perimeter of seminiferous tubules. Upon progression in
meiosis, spermatogenic cells move toward the lumen of tubules. Concurrently, mitotic proliferation generates a new layer of sper-
matogenic cells for a new wave of meiosis at the perimeter of each seminiferous tubule. The combination of repeated meiosis entry
and spermatogenic cells migration to the lumen generates the so called epithelial cycle of seminiferous tubules. In mice, the semi-
niferous epithelial cycle has 12 well-defined stages (I-XII) which are characterized by distinct associations of premeiotic, meiotic and
postmeiotic spermatogenic cell layers across crossections of seminiferous tubules (Ahmed and deRooij, 2009). As spermatogenesis
progresses, each portion of seminiferous tubules transits from stage I to XII, and then to stage I to start a new cycle. Nuclear
morphology and chromatin condensation patterns differ in distinct stages of the spermatogenic process, hence detection of chro-
matin by DAPI was used to identify spermatogenic cell associations that define distinct stages of the seminiferous epithelial cycle. In
some cases we also immunostained SYCP3 (axis) or histone-H1t (marker of spermatocytes after mid pachytene) to aid staging of the
epithelial cycle. Staging without molecular markers of chromosome axis and SC suggested that stage X of epithelial cycle is char-
acterized by the combination of elongating spermatids in the lumen, amixture of late pachytene and diplotene cells in an intermediate
cell layer, and spermatocytes that transit from leptotene to zygotene in the basal layer of seminiferous tubules (Ahmed and de Rooij,
2009). Immunostaining of axis, unsynapsed axis and/or SC markers (Figures 1C and S4E and our unpublished observations) sug-
gested that elongating spermatids are present mostly in combination with diplotene and zygotene cells in our strain background.
Hence we labeled basal and intermediate cell layers as zygotene and diplotene in Figures 1C and S4E.
Stage XII seminiferous tubules have late zygotene spermatocytes in the basal cell layer, spermatocytes undergoing meiotic divi-
sions in the intermediate cell layer, and advanced elongated spermatids in the lumen. In contrast, the basal layer of stage I-IV tubules
have early pachytene cells and increasing numbers of intermediate spermatogonia as tubules progress from stage I to IV. Stage I-IV
tubules contain early round spermatids in the intermediate layer and advanced elongated spermatids in the luminal layer. Chromatin
and SYCP3 staining appear similar in late zygotene and early pachytene cells. Hence it is difficult to distinguish stage XII from stage I
based on spermatocytes in the basal cell layer. Spermatogonia numbers and morphology are also similar at these stages. The main
distinguishing feature of stage XII is the presence of metaphase I to anaphyse II stage spermatocytes. However, Ankrd31/ sper-
matocytes fail to progress beyond metaphase I efficiently, hence intermediate and luminal cell layers cannot be used to unambigu-
ously distinguish seminiferous tubules in stage XII and stage I in Ankrd31/. We referred to seminiferous tubules that contained
metaphase I spermatocytes as ‘‘stage XII-like’’ in Ankrd31/ to indicate this ambiguity.
Quantification of unaligned chromosomes in mouse seminiferous tubule cross sections
To quantify the fraction of spermatocytes that had unaligned chromosomeswe selectedmetaphase I spermatocytes withmetaphase
plates that appeared perpendicular to the plane of sectioning. We selected only cells that were clearly separable from other meta-
phase plates or nuclei. All the focal plains of the selected metaphase cells were inspected under microscope to ensure detection of
unaligned chromosomes. We note that sectioning may have trimmed metaphase plates in some cells thereby removing unaligned
chromosomes. Hence, unaligned chromosome counts from sections are underestimates of chromosome alignment defects.
Immunofluorescence-based assessment of recombination kinetics
SC formation kinetics
To assess SC formation we quantified SC formation in prophase stages that were identified based on axis morphology (Figures 3D
and S5B). We focused on pre-mid pachytene stages in spermatocytes because autosomal SC defects cause spermatocyte elimi-
nation in mid pachytene (Burgoyne et al., 2009), which renders later stages of prophase unreliable for the quantification of autosomal
SC defects in mutants with compromised synapsis. Hence, we quantified SC formation in juvenile mice before most spermatocytes
reach mid pachytene, or we examined histone H1t (marker of post-mid pachytene stages) negative spermatocytes from adult
(Figure 3D). Quantification of SC formation has limitations. Reduction in the number of cells that completed SC formation between
autosomes can reflect either a kinetic delay of SC formation and/or a terminal failure of SC formation in a subpopulation of early
pachytene spermatocytes. Hence, it was not possible to judge if there was a significant terminal failure in SC formation or only a
kinetic delay in Ankrd31/ spermatocytes.
DSB repair focus kinetics
To assess recombination kinetics we used immunostaining of DSB repair proteins that accumulate on the processed ssDNA ends
that result from DSBs (RPA, DMC1 and RAD51). This type of analysis provides information about the steady state level of recombi-
nation intermediates that are marked by the respective proteins. Thus the number of foci could vary with both the formation kinetics
and the turnover of intermediates. Hence, focus numbers do not directly reflect DSB numbers. Nonetheless, the numbers of RAD51/
DMC1 foci are thought to reflect the numbers of unrepaired DNA ends that are available for homology search in the context of
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unsynapsed chromosome axes. RPA focus counts are thought to reflect the number of all the ssDNA ends that are participating in
recombination both in the context of unsynapsed and synapsed chromosome axes.
Gene expression analysis
In order to test the effect of Ankrd31 deficiency in mouse testicular transcriptome total RNAs from Ankrd31+/+ and Ankrd31/ juve-
nile testes (12 days old) were extracted. RNA was extracted using RNeasy Mini (QIAGEN, Cat No./ID: 74104) according to manufac-
turer’s instructions. Quantification and quality control of RNA was performed using Agilent 2100 Bioanalyzer. mRNA was isolated
from 300 ng total RNAby poly-dT enrichment followed by strand specific RNA-Seq library preparation (Ultra II Directional RNA Library
Prep, NEB) following the manufacturer’s instructions. Libraries were equimolarly pooled and subjected to 76 bp single end
sequencing on a NextSeq 500 and Hiseq 2500 sequencer (Illumina) resulting in on average 29 Mio reads/sample (Bray et al.,
2016; Kim et al., 2013).
Identification of Ankrd31 by transcriptome analysis
To screen for genes that are preferentially expressed in gonads, we profiled transcriptomes of embryonic female gonads, adult testes
and an array of 17 somatic tissues from adult mice by RNA-sequencing of total RNAs. RNeasy Mini kit (QIAGEN, Cat No./ID: 74104)
was used according to manufacturer’s instructions to purify total RNA from testes of adult mice and ovaries from fetal mice (C57/
BL6xDBA/2 background). RNA was purified from ovaries that were pooled from 34-44 fetuses/newborn mice at six developmental
time points, 11.5, 12.5, 14.5, 16.5, 18.5 and 20.5 days post coitum. Total RNA samples frommouse somatic tissues were purchased
via Ambion (liver, brain, thymus, heart, lung, spleen and kidney, Cat#7800) and Zyagen (mammary gland, pancreas, placenta, salivary
gland, skeletal muscle, skin, small intestine, spinal cord, tongue and uterus, Cat#MR-010). Total RNA from the listed 17 somatic tis-
suesweremixed in equal proportions to create a somatic RNAmix, and total RNAs from testes weremixedwith this somatic RNAmix
in 1:17 ratio to create a testis+somatic RNA mix. mRNAs were isolated from 300 ng total RNA by poly-dT enrichment followed by
strand specific RNA-Seq library preparation (Ultra II Directional RNA Library Prep, NEB) following the manufacturer’s instructions.
Libraries were subjected to 75 bp single end sequencing on a NextSeq 500 (Illumina) (Kim et al., 2013).
We used the ovarian RNA-seq libraries as a starting point to identify previously unannotated protein-coding genes that were spe-
cifically expressed in reproductive tissues. This screen was based on the assumption that some of the meiosis-specific genes might
have evaded annotation. To identify previously unrecognized transcripts, we used the Cufflinks suite of tools (Roberts et al., 2011) to
assemble the mouse transcriptome de novo from our own RNA-seq data of gonads and published RNA-seq datasets of a compre-
hensive array of mouse tissues of the ENCODE project (Consortium, 2011, 2012)(data accessible at NCBI GEO database (Edgar
et al., 2002), accession GSE36025). Tophat software was used to map reads to mouse genome assembly mm10 (Kim et al.,
2013). We used Cufflinks (Roberts et al., 2011) to generate transcript contigs from mapped reads. Cuffmerge (Roberts et al.,
2011) was used to merge the de novo assembled transcripts with the Ensembl 72 mouse transcriptome and to identify putative tran-
scripts that were not present in the Ensembl 72 annotation. Fragment per kilobase per million (fkpm) counts were calculated for each
transcript by the Cufflinks suite. The Emboss tool ‘‘getorf’’ was used to predict open reading frames (ORFs) in these putative tran-
scripts (Rice et al., 2000), and InterProScan was used to identify conserved domains in the resulting predicted ORFs (Jones et al.,
2014). We applied a complex set of criteria to identify genes that are potentially involved in processes related to meiotic recombina-
tion. First, we focused on transcripts whose expression peaked either in 14.5 or 16.5 days post coitum ovaries, and whose average
expression was at least two times higher at these stages than in any other stage of ovary development. This criterion was chosen
because leptotene to early pachytene stage oocytes, which are expected to express most of the genes involved in meiosis-specific
aspects of recombination, aremost abundant at 14.5 or 16.5 days post coitum. Second, we selected for transcripts whosemaximum
fkpm in ovaries was higher than 1, because transcripts of known meiosis–specific recombination proteins, e.g., Hormad1, Hormad2
or Iho1, were expressed well above this level. Third, any transcript of interest had to have at least ten times higher fkpm values in the
transcriptome of 8-week-old testis than in the transcriptome of any non-reproductive tissues from the ENCODE project (Consortium,
2011, 2012)(NCBI GEO accession GSE36025). This criterion ensured that we primarily identified transcripts that were specific to
reproductive tissue where meiosis is ongoing. We identified only six transcript contigs that matched all three criteria. Three of these
transcript contigs mapped to overlapping/adjacent genomic loci. These three transcripts contained ORFs that showed strong sim-
ilarity to the ORF of the predicted human Ankrd31 gene. Only these three transcript contigs encoded predicted peptides with
conserved domains. Since we were interested primarily in genes that were involved in conserved processes we selected the
mouse equivalent of human Ankrd31 for further functional analysis. We compared the full length human Ankrd31 transcript with
our transcript contigs to define a predicted full lengthmouse Ankrd31 transcript and to define the exon structure of a predictedmouse
Ankrd31 gene. Our prediction of a full length Ankrd31 transcript closely matched the predicted mouse Ankrd31 transcript
(XM_006517797.1) of subsequent transcriptome annotations.
To illustrate the expression of the consolidated full length Ankrd31 transcript (Figure 1), we constructed a transcriptome index by
using mm10 mouse reference transcriptome (Ensembl annotation version 87) and gtf_to_fasta from the TopHat2. TPM values were
calculated by the software kallisto (Version 0.43.1) and the transcriptome index.
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ChIP experiments
DMC1 ChIP-seq was performed as described in (Grey et al., 2017). Two testis from Ankrd31+/+ and Ankrd31/ from 6 weeks old
mice were used for each replicate. Sequencing was performed on HiSeq 2500 Rapidmode 2x50b.
H3K4me3 ChIP-seq was done as described in (Diagouraga et al., 2018). Four testis from Ankrd31+/+ and Ankrd31/ from 12dpp
mice were used for each replicate. Sequencing was performed on HiSeq 2500 Rapidmode 1x75b.
ChIP-seq data computational analysis
Read alignment
After quality control, H3K4me3 ChIP-seq and DMC1 ChIP-SSDS (Single Strand DNA Sequencing) reads were mapped to the UCSC
mouse genome assembly build GRCm38/mm10. Bowtie2 (with default parameters) was used to map H3K4me3 ChIP-seq reads,
while the previously published method (Khil et al., 2012) was used for DMC1 ChIP-SSDS reads (i.e., the BWA modified algorithm
and a customized script, which were specifically developed to align and recover ssDNA fragments). A filtering step was then per-
formed on aligned reads for all ChIP-seq experiments to keep non-duplicated and high-quality mapped reads with no more than
one mismatch per read. When analyzing specifically the DMC1 and H3K4me3 signals covering the pseudo-autosomal region
(PAR) of sex chromosome (Figures 6F and 6G; Table S7), we used a read mapping performed over a customized genome which
was depleted for the PAR from assembled chrY (i.e., only chrY:0-90745844 was included in this customized genome). This method
ensured that all reads originated from either chrX- or chrY-PAR region were mapped over a unique reference sequence, preventing
multimapping and thus misquantification over this region.
Identifying meiotic hotspots
To identify meiotic hotspots from biologically replicated samples in DMC1 ChIP-SSDS, we used the Irreproducible Discovery Rate
(IDR) methodology, as previously described (Diagouraga et al., 2018). This method was developed for ChIP-seq analysis and exten-
sively used by the ENCODE and modENCODE projects (Landt et al., 2012). The framework developed by Qunhua Li and Peter
Bickel’s group (https://sites.google.com/site/anshulkundaje/projects/idr) was followed. Briefly, this method allows testing the
reproducibility within and between replicates by using the IDR statistics. Following their pipeline, peak calling was performed using
MACS version 2.0.10 with relaxed conditions (–pvalue = 0.1–bw1000–nomodel–shift400) on each of the two replicates, the pooled
dataset, and on pseudo-replicates that were artificially generated by randomly sampling half of the reads twice for each replicate and
the pooled dataset. Then IDR analyses were performed and reproducibility was checked. Final peak sets were built by selecting the
top N peaks from pooled datasets (ranked by increasing p values), with N defined the highest value between n1 (the number of over-
lapping peaks with an IDR below 0.01, when comparing pseudo replicates from pooled datasets) and n2 (the number of overlapping
peaks with an IDR below 0.05, when comparing the true replicates), as recommended for the mouse genome.
Signal normalization and quantitative analysis
All read distributions and signal intensities presented in this work were then calculated after pooling reads from both replicates.
DMC1 ChIP-SSDS peaks were re-centered and read enrichment was normalized to the local background, as previously described
(Brick et al., 2012). DMC1 ChIP-SSDS read enrichments could not be normalized between Ankrd3+/+ and Ankrd31/ mice. Indeed,
the previously reported method to normalize such data (that is to consider that the total DMC1 signal should be the same between
genotypes ; (Davies et al., 2016; Diagouraga et al., 2018) cannot apply to our study as the DMC1 dynamics is altered in the mutant
(see Figure 4). Thus, only relative levels between regions or hotspots should be compared between different genotypes. SSDS counts
fromDMC1ChIP are dependent on DMC1 half-life on ssDNA and are normalized to library size hence they can be only used to assess
distribution but not the absolute numbers of single-stranded-DNA-containing recombination intermediates. The H3K4me3 signal
recovered from young mice has been normalized between Ankrd3+/+ and Ankrd31/ mice assuming, as in previous studies (Davies
et al., 2016; Diagouraga et al., 2018), that the signal of a PRDM9-independent set of H3K4me3 peaks should remain unchanged in
testes of fertile mice at the samemeiotic stage. Normalization factors were thus calculated based on the enrichment found at a set of
29 promoters of protein-coding genes (Mlh1, Pms2, Mnd1, Dmc1, Rad21l, Mei4, Stra8, Ctcfl, Mei1, Puf60, Eef2, Rpl38, Leng8, Setx,
Eif3f, Rpl37, Psmd4, Heatr3, Chmp2a, Sycp1, Sycp2, Sycp3, Morc2b, Zfp541, Spo11, Mdh1b, Rec8, Msh4, Psmc3ip), suggested by
Davies et al. (2016). H3K4me3 signal presented in the present study were thus normalized by library size (Read per million of mapped
reads; RPM) then to promoters to reach the level of Ankrd31+/+.
Determination of overlapping peaks
DSB hotspots identified in Ankrd31/ mice were assigned to B6 or default hotspots on the basis of overlapping peak centers ±
200bp. As reference for B6 hotspots we used previously published DSBmaps (Diagouraga et al., 2018; Grey et al., 2017; Smagulova
et al., 2016) and the DSB map of Ankrd31+/+ mice used in this study. As a reference for default DSB sites, we used the map of the
Prdm9/ mice (Brick et al., 2012). When necessary, DSB hotspot coordinates were converted from GRCm37/mm9 to
GRCm38/mm10 using the liftOver tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). Thus, 94% of peaks could be assigned to a
known DSB hotspot, whereas a small fraction (6%) of DSB hotspots could not be assigned to any of the reference hotspots and
was defined as new (Figure 6B). These new hotspots have in average a weak SSDS signal (Figure 6C) and could be PRDM9
dependent or independent.
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ANKRD31 family collection and protein sequence analysis
A Hidden Markov Model (HMM) search with the mouse ANKRD31 protein in the PFAM database (v. 31.0, March 2017, (Finn et al.,
2016)) detected two ankyrin repeat regions, with 3 copies each (amino acids 467-568 and 1167-1279) with highly significant E-values
(1.6e-35). To search for orthologs, we performed a NCBI blastp search within the complete set of UniProt reference proteomes or
the NCBI non-redundant protein database, restricting the query to the region c-terminal of the last ankyrin repeat (amino acids
1280-1856) (Sayers et al., 2011). The Ankrd31 protein family is well conserved within vertebrates and orthologs can be collected
in reciprocal blasts by applying highly significant e-values (1e-10). For a multiple alignment, sequences were derived either from
the UniProt database, as for the Ankrd31 orthologs of Homo sapiens (spjQ8N7Z5jANR31_HUMAN), Ornithorhynchus anatinus
(trjF7FXW5jF7FXW5_ORNAN), and Xenopus tropicalis (trjF6ZDM1jF6ZDM1_XENTR), or from the NCBI protein database, as for
Canis lupus familiaris (refjXP_022272501.1j),Musmusculus (refjXP_006517860.1j), Columba livia (refjXP_021147901.1j), Chrysemys
picta bellii (refjXP_023960269.1j), Struthio camelus australis (refjXP_009686903.1j), Callorhinchus milii (refjXP_007903536.1j), and
Takifugu rubripes (refjXP_011613543.1j). Multiple alignment was performed with MAFFT (-linsi v7.313, (Katoh and Toh, 2008)),
and visualized with ClustalX (v2.1,(Thompson et al., 1997)). 5 conserved regions were identified. The first ankyrin repeat region is
missing in bony fish, but present in shark, whereas the second ankyrin repeat region is highly conserved in all vertebrate orthologs.
The third conserved region CR3 includes a predicted coiled coil interaction domain (in mouse ANKRD31 from 1340 to 1374
(Lupas et al., 1991)). For the conserved regions CR4 (1701-1787) and CR5 (1811-1857) no function could be assigned.
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical analysis of cytological observations was done by GrapPad Prism 7. All other statistical tests were done using R version
3.3.3, if not otherwise stated. All tests and p values are provided in the corresponding legends and/or figures.
DATA AND SOFTWARE AVAILABILITY
RNA-seq and CHIP-seq data have been deposited in NCBI’s Gene Expression Omnibus (Edgar et al., 2002) and are
accessible through GEO Series accession numbers GSE119410, GSE119411 and GSE126443 at the ‘‘https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=’’ address. Raw data for figures has been deposited in Mendeley Database: https://doi.org/
10.17632/jfb3msz44d.1
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Figure S1 related to Figure 1 
(A) Ankrd31 transcript levels are shown as reads per kilo base million (RPKM) in RNAs of 
indicated tissues from the ENCODE project (data source, GEO accession: GSE36025; 
https://www.ncbi.nlm.nih.gov/gene/625662/?report=expression). (B) DNA was detected by DAPI 
on cross sections of adult mouse testes. Immunofluorescence was used to detect ANKRD31 
and a marker of meiotic chromosome axis, SYCP3. Antibodies raised against a C-terminal 
fragment of ANKRD31 in rabbit (Rb-ANKRD31 Ct) were used. Seminiferous tubules at stages 
VIII, IX and XI are shown. Sertoli cells (se), preleptotene (ple), leptotene (le), zygotene (zy), late 
pachytene (lpa) and diplotene (di) spermatocytes, round (sd) and elongating (es) spermatids are 
marked. The image shows a strong extranuclear signal (yellow arrowhead) that was detected by 
the Rb-ANKRD31 Ct antibodies between mitotic germ cells or preleptotene spermatocytes and 
more advanced spermatocytes. We consider this signal non-specific as the guinea pig anti-
ANKRD31 antibodies did not produce similar pattern, see also Figure 1C. (C, E) 
Immunofluorescence staining of the indicated proteins is shown on nuclear surface spread 
spermatocytes of adult mice in late zygotene. SYCP1 is a marker of synapsed chromosomal 
regions. ANKRD31 was detected by Rb-ANKRD31 Ct (C) or antibodies raised against an N-
terminal fragment of ANKRD31 in guinea pig (Gu-ANKRD31 Nt, E). Enlarged insets of top 
panels are shown in the bottom panels. Synapsed (sy) and unsynapsed (unsy) chromosome 
axes are indicated. (D) Quantification of total ANKRD31 focus numbers (Rb-ANKRD31 Ct) in 
nuclear surface spread preleptotene (prele), leptotene (le), early zygotene (ezy) and late 
zygotene (lzy) spermatocytes. Number of cells and medians are indicated. (F) SYCP3, 
ANKRD31 and centromeric proteins (CENT) were detected by immunofluorescence. A late 
zygotene spermatocyte is shown. Yellow arrows point at ANKRD31 aggregates at the non-
centromeric ends of five chromosomes. The centromeric ends of the same chromosomes are 
marked by white arrowheads. Bars, 50μm (B), 10μm (C, E, F), 5μm (C and E in enlarged insets).
 
69
ANKYRIN repeat 1 
ANKYRIN repeat 2 
ANKYRIN repeat 2 
Coiled coil domain 
Coiled coil domain 
Conserved Region 4 (CR4) 
Conserved Region 5 (CR5) 
70
Figure S2 related to Figure 1 and 2
Multiple alignment of ANKRD31 protein sequences from various vertebrate taxa. Sequences are 
aligned from human (H_sapiens), dog (C_lupus), house mouse (M_musculus), platypus 
(O_anatinus), rock dove (C_livia), common ostrich (S_camelus), painted turtle (C_picta), 
western clawed frog (X_tropicalis), australian ghost shark (C_milii), japanese puffer fish 
(T_rubripes). Default ClustalX colour scheme was used. An “*” (asterisk) indicates positions 
which have a single, fully conserved residue. A “:” (colon) indicates conservation between 
groups of strongly similar properties, scoring > 0.5 in the Gonnet PAM 250 matrix. A “.” (period) 
indicates conservation between groups of weakly similar properties, scoring =< 0.5 in the 
Gonnet PAM 250 matrix (Larkin et al., 2007). Boxes indicate five evolutionarily conserved 
regions of ANKRD31. We note that the more N-terminally located Ankyrin repeat domain is less 
conserved as this domain is missing in the ANKRD31 of bony fish. 
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Figure S3 related to Figure 2
Indicated proteins were detected by immunofluorescence in nuclear spread oocytes (A, B) or 
spermatocytes (C, E-I). (A) A zygotene oocyte is shown from a fetus at 16 days post coitum
(dpc). MEI4 signal is shifted to the right with three pixels in the enlarged insets to facilitate 
detection of overlap with focal ANKRD31 signal. Arrowheads mark large co-aggregates of 
ANKRD31 and MEI4. The median number of aggregates was four in late zygotene oocytes, 
n=24. (B) Pachytene oocyte is shown from an 18 dpc fetus. Enlarged inset shows a persisting 
co-aggregate of MEI4 and ANKRD31 (white arrow) on a synapsed chromosomal end. 25 of 44 
(57%) of early-mid pachytene oocytes contained ANKRD31 aggregates, and the median number 
of aggregates was two. (C) Co-aggregates of ANKRD31 and REC114 are shown (marked by 
arrowheads) at the ends of three autosomes and the paired PARs of sex chromosomes in a 
spermatocyte at zygotene-to-pachytene transition. The four images on the right show an 
enlarged version of the boxed area in the left panel and arrow marks PAR. (D) Yeast two-hybrid 
assays testing interactions of indicated proteins with fragments of ANKRD31 (amino acid 
positions of fragment ends are indicated); AD – Gal4 activation domain, BD – Gal4 binding
domain. 10 μl of yeast cell suspensions of optical density 0.5 were plated onto dropout plates –
Leu, -Trp (-2) and –Leu, -Trp, -His, -Ade (-4). The plates were imaged after 2 days of growth. 
Green and blue boxes mark negative controls where either the Gal4-BD or the Gal4-AD vectors 
were empty, respectively. Orange circles show positive control Gal4-BD-HORMAD1/Gal4-AD-
IHO1. IHO1 and REC114 were tested for interaction with ANKRD31 fragments that covered the 
first 821 amino acids of ANKRD31 (upper right panel) in the same experiment, therefore only 
one negative control is shown for this experiment (indicated by brackets). (E-G) show 
spermatocytes at stages that are equivalent to late zygotene and early pachytene in wild-type as 
judged by fully formed chromosome axes. (H) Enlarged insets (bottom panel) show co-
aggregates of ANKRD31 and MEI4. (I) SYCP3 and ANKRD31 were detected by 
immunofluorescence, and PARs were detected by FISH in surface spread spermatocytes. Three 
Iho1-/- spermatocytes (upper panel) are shown at a stage that corresponds to late zygotene in 
wild-type based on axis morphology. Unspecific PAR signal that is not associated with 
chromosome axes is marked (white arrowhead) in the overlay image. Enlarged insets in lower 
panel show ANKRD31 aggregates that associate with two chromosomal ends with PAR FISH 
signal. Bars are 10μm and 5μm in low resolution images and enlarged insets. 
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Figure S4 related to Figure 3
(A) ANKRD31 was immunoprecipitated from testes extracts of 12 days old Ankrd31+/+ and -/-
mice by rabbit antibodies raised against a C-terminal fragment of ANKRD31 (fragment: Pro1470 
to Arg1622). Immunoblot analysis of immunoprecipitation input samples and immunoprecipitates 
(IP) is shown. Upper image shows detection of proteins on the blot membrane by guinea pig 
antibodies raised against an N-terminal fragment of ANKRD31 (fragment: Thr182 to Met325). 
Arrow marks presumed band of ANKRD31, which is present only in wild-type samples. Asterisk 
marks heavy chain of antibodies used for immunoprecipitations. Molecular weight marker 
positions are indicated. Anti-GAPDH (bottom panel) was used to control for loading in input 
samples. (B, C, E, F, J) Indicated proteins were detected in nuclear surface spreads of 
spermatocytes in B, C or spread oocytes in F, or cross sections of testes from adult mice of 
indicated genotypes in E and J. (D) Quantification of focal staining patterns by rabbit antibodies 
that recognise either an N-terminal (Rb-Nt) or a C-terminal (Rb-Ct) fragment of ANKRD31. 
Numbers of foci are shown in leptotene (le) and early zygotene (ezy) stages. Medians and 
number (n) of counted cells are indicated. Mann–Whitney U test indicate significantly lower focus 
numbers in Ankrd31-/- than Ankrd31+/+ spermatocytes, **** corresponds to P<0.0001. (E, J) DNA 
was detected by DAPI. Stages of seminiferous tubules are indicated. (E) ANKRD31 was 
detected by either guinea pig antibodies raised against an N-terminal fragment of ANKRD31 
(Gu-Nt, top panel), or rabbit antibodies raised against a C-terminal fragment of ANKRD31 (Rb-
Ct, bottom panel). To compare ANKRD31 signal in testis sections of Ankrd31+/+ and Ankrd31-/-
see Figure 1C and Figure S1B. ANKRD31 images in top and bottom panels correspond to 
matched exposure images of ANKRD31 in Figure 1C and Figure S1B, respectively. Yellow 
arrowheads mark strong nuclear staining in an intertubular cell (upper panel) and strong 
extranuclear staining in the vicinity of the basal layer of spermatogenic cells (lower panel). These 
staining patterns are not shared by the Gu-Nt and Rb-Ct antibodies, hence these signals are not 
considered to represent ANKRD31 protein. We note that nuclear staining of ANKRD31 in 
zygotene (Figure 1C) or leptotene (Figure 1C and Figure S1B) spermatocytes of Ankrd31+/+
contrasts the “negative” ANKRD31 staining in the nucleus of zygotene (zy, top panel) and 
leptotene (le, bottom panel) spermatocytes of Ankrd31-/- mice. Sertoli cells (se), leptotene (le), 
zygotene (zy), late pachytene (lpa) and diplotene (di) spermatocytes are marked. (G)
Quantification of oocyte numbers in ovaries of 6-7 weeks old females. Ovaries were sectioned 
and oocytes were counted in every 7th section. Data points show the sum of counts from the two 
ovaries of each mouse. Averages are indicated. Two tailed t test with Welch correction 
calculated statistical significance at 0.05>P>0.01 (*). (H) Graph shows fractions of oocytes that 
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are apoptotic, as indicated by positive staining for cleaved PARP, in ovaries of newborn mice of 
indicated genotypes. Each data point represents fractions of oocytes in one mouse. Averages 
are shown. Chi square statistics calculated significance at P<0.00001 (****). (I) Quantification of 
testis weight in adult Ankrd31+/+ and Ankrd31-/- mice. Each data point represents the sum of 
weights of two testes from one mouse. Medians are shown, Mann–Whitney U test calculated 
significance at P<0.0001 (****). (J) Apoptosis was detected by cleaved PARP staining in 
histological sections of testes in indicated genotypes. Histone H1t (H1t), which is a marker of 
post-mid pachytene stages in spermatocytes, was detected to aid staging of seminiferous 
tubules. Seminiferous tubules at stage VII-VIII (upper two panels) and XII (lower two panels) are 
shown. Preleptotene (ple), pachytene (pa) and apoptotic pachytene (ap) spermatocytes and 
round spermatids (sd) and sperm (sp) are marked in stages VII-VIII. Zygotene (zy), diplotene 
(di), metaphase (m) and secondary (ssc) spermatocytes and sperm (sp) are marked in stage XII. 
Bars, 50μm in E and J, 10μm in B, C, F.
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Figure S5 related to Figure 3 and 4
(A) Quantification of testicular cell populations with distinct chromosome axis morphologies. 
SYCP3 (axis marker) and histone H1t were detected in testicular cells from adult mice. Graph 
shows the proportion of pre-mid pachytene (H1t-negative) spermatocytes that have focal SYCP3 
staining (punctate axes, corresponds to preleptotene), short stretches of axes (corresponds to 
leptotene), long stretches of axis (corresponds to early zygotene) or fully formed axes on all 
chromosomes (complete axes, corresponds to late zygotene and early pachytene). Standard 
deviation and weighted averages of percentages are shown from three experiments. Chi Square 
statistics indicated no significant (ns) difference. (B) Quantification of synaptonemal complex 
formation based on SYCP1 staining in oocytes of 16 dpc fetuses of indicated genotypes. 
Categories of SYCP1 staining patterns are indicated in oocytes with fully formed axes. Note that 
pachytene is not reached yet at this stage, hence oocytes with fully formed synapsis are not 
represented in the graph. Counted cell numbers, standard deviation and weighted averages of 
percentages are shown from two experiments. Chi Square statistics indicates that ANKRD31 
significantly alters the proportion of cells with distinct SYCP1 staining patterns. **** represents 
P<0.00001. (C, D, F-H, L, N) Indicated proteins were detected by immunofluorescence in 
nuclear surface spread spermatocytes (C, D) or oocytes (F-H, L, N). Early zygotene (C) or late 
pachytene (D) spermatocytes are shown. (D) Miniaturized H1t signal of the corresponding cell is 
shown in the bottom right corner of overlay images. Arrows mark two of the prominent flares of 
the 
silenced chromatin of sex chromosomes (SB), which is a chromatin compartment where histone 
-accumulates in pachytene and diplotene stages. (E
numbers in late pachytene (late pa) and diplotene (diplo) spermatocytes. Three categories were 
distinguished, spermatocytes with less than 10 flares, between 10 and 40 flares and more than 
percentages of spermatocytes in the three categories from two experiments. Chi square 
statistics was used to calculate if loss of ANKRD31 significantly alters the proportion of cells with 
F-H) Zygotene oocytes are shown from 16 dpc fetuses. (I-K)
Quantifications of DMC1 (I), RAD51 (J) and RPA (K) focus numbers in oocytes from 16 dpc 
foetuses. Counts are shown in early zygotene (e zy) and late zygotene cells that were split into 
two groups based on the condensation level of chromosome axes. Chromosome axis was fully 
formed, but axes were more condensed and more synapsed in the cells that were judged more 
advanced (l full axis) than in early stage cells with fully formed axes (e full axis). Number of 
counted cells and medians are indicated. Mann–Whitney U test calculated significance. (L, N)
78
Late pachytene oocytes from newborn mice, where chromosome axes are fully synapsed, are 
shown. (M) Quantification of RPA focus numbers on late pachytene (lpa) and diplotene (di) 
oocytes of newborn mice of indicated genotypes. Counted number of cells and medians are 
shown. Mann–Whitney U test calculated significance. (O
staining patterns were distinguished, oocytes with less than 10 flares, between 10 and 40 flares 
throughout the nucleus (All over). Graph shows standard deviation and weighted averages of 
percentages of oocytes in the four categories from two experiments. Chi square statistics was 
used to calculate if loss of ANKRD31 significantly alters the proportion of cells with distinct 
C, D, F-H, L, N) Bars, 10μm. (A, B, E, I-K, M, O) ns, *, ** and **** 
indicate no significance and significance at 0.05>P>0.01, 0.01>P>0.001 and P<0.0001, 
respectively.
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Figure S6 related to Figure 6 
 (A) Proportion of DMC1 ChIP SSDS signal from Ankrd31-/- hotspots that match PRDM9-defined 
(B6) or default hotspots, or that do not match either (new). (B) Ankrd31+/+-B6 hotspots were 
sorted into ten bins according to their strengths. Bin 1 and 10 represent the strongest and the 
weakest hotspots in Ankrd31+/+ mice, respectively. Graph shows numbers of Ankrd31-/- hotspots 
that overlapped with Ankrd31+/+-B6 hotspots in each bin. (C) Default hotspots from Prdm9-/- were 
sorted into ten bins according to their strengths. Bin 1 and 10 represent the strongest and the 
weakest hotspots in Prdm9-/- mice, respectively. Graph shows numbers of Ankrd31-/- hotspots 
that overlapped with default hotspots of Prdm9-/- mice in each bin. (D, E) Transcriptomes of 
testes from 12 days old Ankrd31+/+ and -/- mice were analyzed by RNA sequencing. Euclidean 
distance of testicular transcriptomes of three littermate Ankrd31+/+ and Ankrd31-/- mice at 12 
days of age. Heatmap indicates distance of transcriptomes. (E) Differential gene expression 
analysis (DESeq2) was used to calculate Ankrd31+/+ to -/- expression ratios which are shown in 
log2 scale on the y-axis of the MA plot. The x-axis displays the mean expression. Lines indicate 
1.4 fold change in expression. Blue color marks transcripts whose levels significantly change 
with at least 1.4 fold. Ankrd31 transcript is marked. (F) Nuclear (Nuc) and cytoplasmic (Cyt) 
extracts from testis of 12 days old mice were tested for the presence of PRDM9, SYCP3 and 
histone H3 by western blot (WB). M: molecular weight marker. (G) Comparison of SSDS log2 
signal change and H3K4me3 log2 signal change between Ankrd31-/- and Ankrd31+/+ at each of 
PRDM9-defined hotspots. Spearman´s rank correlation coefficient (r) and associated p-value are 
shown. Levels represent the density calculated with the density2d function from R.  
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Figure S7 related to Figure 7
(A, B, D, E) Immunofluorescence was used to detect indicated proteins in nuclear spread 
spermatocytes of indicated genotypes. Leptotene, late zygotene, zygotene-to-pachytene 
transition, and early pachytene spermatocytes are shown in A, B, D, and E, respectively. (A, B)
Matched exposure images of REC114 are shown. Arrowheads mark robust REC114 aggregates 
at the ends of three chromosomes. The fraction of late zygotene spermatocytes that contained 
REC114 aggregates is indicated in the REC114 image of B. (C) Quantification of REC114 focus 
numbers in preleptotene (prele), leptotene (le), early (ezy) and late (lzy) zygotene spermatocytes 
of indicated genotypes. Numbers (n) of examined cells and median focus numbers are indicated. 
Mann–Whitney U test calculated statistical significance, ns stands for no significance, **** 
indicates significance at P<0.0001. (D, E) Insets in the images of full nuclei (top panels) are 
shown at higher magnification in bottom panels. Axes of chromosome X and Y are marked. An 
unsynapsed region in an autosome is pointed out (un) in D. (E) Arrow points at the site of 
persisting IHO1 signal on the synapsed PAR-end of sex chromosomes, and arrowhead marks 
the extended region of synapsis that probably connects non-homologous sections of X and Y 
chromosomes. (F) Graphical representation of key ANKRD31 functions within the previously 
proposed loop-axis model of DSB formation (Blat et al., 2002; Panizza et al., 2011). Blue block 
arrows represent transition between states of chromatin and the axis, green arrows represents 
stimulation by ANKRD31 Black and grey lines represent DNA of chromatin loops of sister 
chromatids that are tethered to axes. The extent of alignment of sister DNA sequences in loops
is uncertain. It is also uncertain whether either both or one sister chromatid loop is recruited to 
the DNA break promoting complex on axes.These uncertainties are not pertinent to our 
understanding of ANKRD31 functions hence we represent only one of the possible scenarios.
(Left) Outside of PAR or PAR-like regions DSB-promoting proteins including MEI4 and REC114 
form pre-DSB recombinosomes tethered to axes by a spread out platform of axis-bound IHO1. 
DSB formation involves the recruitment of loop sequences to axis-bound pre-DSB 
recombinosomes. ANKRD31 associates with the IHO1-dependent pre-DSB recombinosomes 
and enhances their formation. Thereby, ANKRD31 permits timely formation of well-distributed 
DSB-breaks, which improves efficiency of homolog pairing and SC formation. (Right) In the 
PAR, ANKRD31 permits the assembly of a disproportionately long (Acquaviva, Jasin & Keeney, 
personal communications) and robust axis where DSB-promoting proteins are recruited with 
high efficiency in an IHO1-independent manner. The resultant short DNA loops and high 
concentration of DSB-promoting proteins on the axis ensure the formation of obligate DSBs in 
the PAR. 
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3. Discussion 
In the present thesis I describe the function of two novel meiosis-enriched proteins. These 
proteins were discovered after i) a microarray gene expression profiling and ii) an RNA-
sequencing screen in mouse gonads where prophase stage meiocytes were present. The 
screens revealed several genes that are highly expressed in prophase I stages and among 
them where the X-chromosome linked polycomb-related sex comb on midleg like 1 (Scml1) 
gene and the chromodome 13-linked ankyrin repeat domain 31 (Ankrd31).   
After raising a polyclonal antibody against SCML1 protein, I found that this protein localizes 
to the meiotic dense-body (DB). DB was first described in the nucleus of the spermatocytes 
of Chinese hamsters and often associates with the sex chromosomes (Dresser and Moses, 
1980). A similar subnuclear structure was also reported in mouse spermatocytes and the 
only known marker was the FK506 binding protein (FKBP6) which is involved in piRNA 
biogenesis (Crackower et al., 2003; Marcon et al., 2008; Xiol et al., 2012). Interestingly, 
despite DB has been reported only in males, I observed that SCML1 marks also a similar 
structure in oocytes raising the possibility that DB also exists in female meiocytes. DB 
appears in the nucleus of spermatocytes from pachytene stage onwards and it has been 
shown that is enriched in miRNAs/piRNAs and in proteins. It contains little amount of DNA 
and forms a characteristic DAPI-negative sphere (Marcon et al., 2008). Multiple functions 
have been suggested for the DB in meiosis including: i) sex body formation and sex 
chromosome silencing, ii) suppression of transposons and iii) DB might act as a storage 
body for transcripts that will be used in the future. All these possible roles couldn’t be 
addressed because no structural component of the DB had been discovered. In the first 
study of the thesis I showed that SCML1 is a crucial component of the DB as in Scml1 
knockout mice the formation of the DB seems to be severely affected. In the majority of wild-
type cells DAPI-negative spherical regions, associated with the sex body, could be identified 
whereas in Scml1-/Y cells, sex-body associated DAPI negative bodies were rarely observed. 
Based on these results I concluded that the DB is either not formed at all or it is formed with 
altered characteristics in the absence of SCML1 protein. It has been proposed that the 
miRNA pathway implicates in the regulation of the initiation of meiosis (Modzelewski et al., 
2012) and given that DB contains miRNAs could be possibly involved in this process. In 
order to address this question I quantified the fraction of non-meiotic and meiotic cells in 8 
dpp juvenile testes, a developmental stage where cells enter meiosis. Analysis revealed no 
differences between WT controls and Scml1-/Y mice showing that SCML1 is not needed for 
correct timing of meiosis entry. Although Smcl1-deficient mice were fertile I wondered if the 
progression though meiosis was affected. Thus, I quantified the testicular cell types in adult 
mice but I didn’t notice any significant changes in Scml1-/Y mice as compared to WT 
92
 
 
 
littermates. Based on the observation that DB is often positioned adjacent to the sex body it 
is possible that SCML1/DB are involved in sex body formation and sex chromosome 
silencing. Markers for sex body formation such as γH2AX or SUMO-1 were properly localized 
on sex chromosomes in early pachytene cells in Scml1-/Y denoting that sex body formation 
takes place normally. In addition, sex chromosome silencing was not affected as staining of 
phospho-S2-RNA polymerase II (marker for active transcription) was absent from sex body in 
pachytene cells of WT and Scml1-/Y. In order to exclude any leaky expression of sex 
chromosome linked genes I quantified the expression of X-linked genes (Hprt, Pdha1) and Y-
linked gene (Rbmy). Expression levels of these genes didn’t differ between WT and Scml1Y/- 
testes. Finally, I tested whether SCML1 and dense body formation are essential for 
transposon silencing. I didn’t observe any significant changes in the expression of 
IAP, LINE1, or SINEB1 transposon and I concluded that SCML1/DB have no essential 
function in transposon silencing. 
In the first project of my thesis I showed that SCML1 is needed for the proper formation of 
the meiotic DB. Despite DB appears only in meiocytes it seems that it doesn’t affect the 
meiotic process. While I cannot exclude that SCML1 and DB play a role in RNA biology 
during meiosis, my results suggests that these functions are not important for gametogenesis 
and fertility.    
A question that arose after my results was why SCML1 protein is highly expressed during 
meiosis and associates with the meiosis-specific dense body despite having no impact in 
gametogenesis. SCML1 proteins had been found only in mammals with little conservation 
between different species and it had been suggested to be a recent duplication during 
mammalian evolution (Wu and Su, 2008). The only functional domain in SCML1 protein is 
SAM domain which had been shown to be able to undergo polymerization, bind to various 
SAM and non-SAM domain-containing proteins and surprisingly some SAM domains have 
the ability to bind RNA (Kim and Bowie, 2003; Qiao and Bowie, 2005). The ability of SAM 
domain to form polymer structures may allow the oligomerization of SCML1 protein in 
spermatocytes forming the ring-like structure of dense body that encapsulates different kind 
of RNAs. The SMCL1 protein sequence evolved rapidly and it has been under positive 
selection in primates (Wu and Su, 2008). Thus, SCML1 protein may have a role in speciation 
and probably the rapid sequence evolution led to modified functions during testis 
development and spermatogenesis between mammalian species.        
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In the second part of this thesis the role of ANKRD31 in mammalian meiotic recombination is 
described. RNA sequencing data from our lab together with published transcriptome data 
(ENCODE dataset) indicated that ANKRD31 is highly expressed in meiotic cells. I 
reconfirmed the meiotic expression of ANKRD31 after raising antibodies against N- or C-
terminal fragments of the protein and staining testis cross-sections. After detailed localization 
analysis on nuclear surface spreads I observed that ANKRD31 display a discrete foci-like 
staining pattern from preleptotene till early pachytene cells. Apart from several small foci 
along chromosome axes, there were few (up to 8 in leptotene stage) larger aggregates. The 
staining pattern of ANKRD31 on early prophase I meiocytes resembled the behaviour of two 
pre-DSB recombinosome components, MEI4 and REC114 (Kumar et al., 2010; Kumar et al., 
2015; Kumar et al., 2018). It has been proposed that HORMA domain containing protein 1 
(HORMAD1) and its interactor IHO1 built up a platform on unsynapsed chromosomes for a 
stable assembly of recombinosomes, where, in turn, recombinosomes activate SPO11 
leading to DSBs formation (Kumar et al., 2015; Stanzione et al., 2016). Based on ANKRD31 
localization I hypothesized that ANKRD31 could be a member of the recombinosomes and 
might be involved in double-strand break (DSB) formation and meiotic recombination. 
Indeed, I found high colocalization between ANKRD31 and MEI4 or REC114 foci and the 
large aggregates were always colocalized. Furthermore, using yeast-two-hybrid assays, I 
showed that ANKRD31 interacts with REC114 and IHO1. Together these results suggested 
that ANKRD31 associates with pre-DSB recombinosomes presumably through direct 
interactions with REC114 and IHO1. When I observed late zygotene cells where autosomes 
had almost finished synapsis I found that aggregates were formed in PARs and at the non-
centromeric ends of a subset of chromosomes. In a parallel study, Acquaviva et al. showed 
that these aggregates correspond to PARs and at distal ends of chromosomes 4, 9 and 13 
(Acquaviva et al., 2019). The ends of these chromosomes share homology with PAR thus we 
refer to these sites as PAR-like regions. The results showed that aggregate formation 
strongly depends on ANKRD31, as in Ankrd31-/- the accumulation of pre-DSB 
recombinosomes in PAR and PAR-like ends is abolished. In addition ANKRD31, MEI4 and 
REC114 are mutually dependent for aggregate formation. In contrast, ANKRD31 is not 
needed for focus formation of recombinosomes, instead IHO1 is required. Nonetheless, 
ANKRD31 seems to enhance focal recombinosome formation. In wild type spermatocytes a 
thickening of PAR axes is observed which depends on ANKRD31, as it doesn’t take place in 
Ankrd31-/-. Thus it can be assumed that ANKRD31 is involved in axes re-organization in 
PAR, forming an environment suitable for a strong enrichment of pre-DSB recombinosomes.  
Another interesting observation was that markers that associate with early recombination 
intermediates (DMC1, RAD51 and RPA) appeared in a delayed manner in Ankrd31-/-. It is 
known that these markers are recruited on chromosome axes after DSB formation and they 
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assist in meiotic recombination and repair. A similar delay was also noticed with the pre-DSB 
recombinosome foci (MEI4 and REC114). Together these results suggest that ANKRD31 
may control initiation of recombination by timely regulation of DSB promoting complexes.  
A prominent defect in Ankrd31-/- spermatocytes was the failure of PAR synapsis between X 
and Y chromosomes. Hence I wondered whether crossover formation was defective in 
Ankrd31 mutant. Quantification of MLH1 (marker of future crossovers) showed that the 
overall crossover numbers on autosomes were not affected in Ankrd31 mutant compared to 
wild type. Nevertheless I could never observe MLH1 foci on PARs of sex chromosomes. I 
reconfirmed the lack of chiasma between sex chromosomes in Ankrd31-/- performing FISH 
experiments in metaphase spreads. These results showed that autosomes can pair and 
synapse and efficiently generate crossovers but sex chromosomes are unable to do so in 
Ankrd31-/-. As a result Ankrd31-/- spermatocytes arrest at metaphase stage. In order to 
characterize the impaired sex chromosome synapsis in Ankrd31-/- we performed, in 
collaboration with Dr. Barchi (University of Rome Tor Vergata), combined 
immunofluorescence/FISH experiments, using a probe that recognizes the PAR sequence of 
XY chromosomes and an antibody against RPA marker. The majority of wild type 
spermatocytes had an RPA focus in one of the two PARs whereas only a minor fraction of 
Ankrd31-/- spermatocytes had. This indicated a severe defect in DSB formation in PARs in 
Ankrd31-/- spermatocytes.  
A method called single stranded DNA sequencing (SSDS) is often used to assess the 
distribution of DMC1-bound single stranded DNA ends that result after DSB formation. We 
performed this experiment (in collaboration with Dr. de Massy, Institut de Génétique 
Humaine, Montpellier) and we reconfirmed the loss of DSBs in PARs of Ankrd31-/- 
spermatocytes. DMC1-ChIP SSDS signal ratios, between wild type and Ankrd31-/-, in PAR 
and in a 150 kb region upstream of X PAR were high suggesting a decreased DSB activity in 
these regions in Ankrd31-/-.  
It has been proposed that PRDM9 protein is responsible for positioning of recombination 
hotspots through binding to distinct DNA motifs that are specified by its zinc finger domain 
(Baudat et al., 2010; Parvanov et al., 2010). Upon binding PRDM9 promotes histone H3 
lysine 4 and lysine 36 tri-methylation (H3K4me3 and H3K36me3) at its binding sites and this 
methyltransferase activity is needed for DSB localization (Buard et al., 2009; Diagouraga et 
al., 2018; Grey et al., 2011; Powers et al., 2016). PRDM9 defines almost all DSB hotspots in 
mouse genome with the exception of pseudoautosomal region (PAR) (Brick et al., 2012). In 
the absence of PRDM9, recombination is initiated at promoters and other regions that are 
enriched for H3K4me3 independent of PRDM9. These recombination sites are called default 
hotspots. Interestingly, SSDS analysis showed that in Ankrd31-/- spermatocytes there is an 
increased activation of default hotspots. It is unlikely that altered distribution of recombination 
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sites that was observed in Ankrd31-/- was due to change of PRDM9 activity as PRDM9 levels 
were similar and the distribution of H3K4me3 CHIP-sequencing signals was also similar in 
wild type and Ankrd31-/-. In WT mice absence of DSBs at default hotspots depends on 
PRDM9 and presumably reflects a competition between PRDM9-dependent and 
independent sites (Brick et al., 2012; Diagouraga et al., 2018). Thus a possible explanation 
for the observed shift in DSBs sites in Ankrd31-/- could be that pre-DSB recombinosomes are 
inhibited less efficiently at default sites. It has been also proposed that PRDM9 expression is 
restricted to a temporal window around the time of early DSB formation and therefore DSBs 
that happen later may occur at default hotspots due to the absence of PRDM9 (Smagulova 
et al., 2016; Sun et al., 2015). Yet another possible scenario is that the delay in 
recombination initiation and synapsis in Ankrd31-/- may extend the window of DSB formation 
to a stage that PRDM9 is absent and default hotspots start to be used.  
As it was mentioned before, initiation of recombination in PAR differ from the rest of the 
genome and DSB formation at this region is not under PRDM9 control. Furthermore PAR 
shows high density of DSBs most probably because of the mandatory crossover that should 
be formed in this area. It has been proposed that “hot” PRDM9-binding sites progressively 
tend to be eliminated over the time (Smagulova et al., 2016). Thus the high DSB activity in 
PAR would also lead to the erosion of the hotspots in this region and organisms that rely on 
PRDM9-dependent meiotic recombination should find a way to overcome this problem. 
Appearance of new Prdm9-alleles that are able to bind new hotspots could solve the 
problem. Another alternative way is that cells introduce DSBs in PAR in a later time point 
where PRDM9 protein in not present. In this way cells can regulate autosomal DSBs by 
PRDM9 activity and a different mechanism should exist to control DSBs in the PAR. This 
mechanism could involve ANKRD31 which seems to participate in PAR axis 
reorganisazation and is needed for the heavily recruitment of pre-DSB recombinosome 
components (MEI4, REC114 an IHO1) in PAR to ensure introduction of breaks in this region. 
The strong accumulation of DSB machinery occurs in PAR and in PAR-like sequences that 
they share homology. Thus the DNA sequence and/or chromatin structure at these regions 
might create an appropriate environment for ANKRD31 interaction that in turns assists the 
assembly of pre-DSB recombinosomes.   
It seems that ANKRD31 loss differentially affects DSB formation in PAR and in the rest of the 
genome. This is due to the differential requirement for ANKRD31 for aggregate and focus 
formation of DSB promoting recombinosome components in PARs and in the rest of the 
genome.   
Overall our findings suggest that ANKRD31 regulates the spatiotemporal patterning of 
meiotic recombination initiation in mice (see graphical representation in the end of 
discussion). ANKRD31 most probably functions in recombination by modulating the 
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properties or the kinetics of pre-DSB recombinosomes that are formed on chromosome axes. 
In addition ANKRD31 appear to be important for a specialized PAR axes domain that is 
enriched in DSB promoting proteins. This organization of PAR axes seems to be crucial for 
DSB formation and synapsis of sex chromosomes in male mice.      
   
 
 
Figure 5: Proposed functions of ANKRD31 during meiotic recombination 
(A) In the presence of ANKRD31, DSBs on autosomes are directed to hotspots as defined by PRDM9 
methyltransferase activity (H3K4me3 and H3K36me3). However upon ANKRD31 loss there is an 
increased usage of default hotspots (PRDM9-independent H3K4me3 enriched sites, such as 
promoters). (B) Pseudoautosomal region (PAR - marked in blue) of X & Y chromosome is enriched in 
DSB promoting proteins (marked with same colour as the DSB machinery in A) that allow DSB 
formation and subsequent synapsis (marked with pink lines). Without the action of ANKRD31 there is 
no accumulation of DSB machinery in the PAR and sex chromosomes fail to synapse.           
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4. Summary 
Meiosis is a specialized cell division that produces haploid cells (gametes) from diploid 
progenitors. During meiosis parental chromosomes (homologs) need to pair, synapse and 
eventually segregate. Faithful chromosome segregation depends on chromosome 
recombination. In the beginning of prophase I programmed double strand breaks (DSBs) are 
introduced in meiotic cells by SPO11 enzyme. DSBs are positioned at hotspot sites that are 
specified by that action of DNA-binding histone methyltransferase PRDM9. Specific enzymes 
act at the site of breaks to create 5’ single stranded DNA ends. With the assistance of the 
strand exchange proteins DMC1 and RAD51 these ends invade homologous DNA sequence 
and DSB repair is initiated. DSB repair can be completed either as a crossover (reciprocal 
exchange of DNA) or as a non-crossover. Crossover events lead to the formation of 
chiasmata between homologs and ensure proper segregation during the first meiotic division. 
An interesting feature in male meiosis is the XY chromosomes. The shared region between 
sex chromosomes is short and is called pseudoautosomal region (PAR). Due to their large 
non synapsed region, XY chromosomes need to be transcriptionally silenced. Thus they are 
covered with the phosphorylated histone variant H2AX (γH2AX) forming the so called sex 
body. PAR region has higher density of DSBs than autosomes and it had been shown that 
sex chromosomes undergo delayed homologous pairing. Nevertheless little is known how 
meiotic recombination is regulated in PAR region of sex chromosomes. In close proximity 
with sex body it has been found a structure named dense body (DB). There are few reports 
suggesting that DB contains RNAs/proteins but no DNA. Its role in meiosis was unclear 
because no structural component had been described. 
In the present thesis the role of two meiotic expressed genes is described. In our group after 
performing RNA screens we identified several genes that are highly expressed during 
meiotic prophase I. Based on the expression profile we selected polycomb-related sex comb 
on midleg like 1 (Scml1) gene and the ankyrin repeat domain 31 (Ankrd31) to study their role 
in mammalian meiosis.  
My results showed that SCML1 protein is needed for dense body (DB) formation. In wild type 
mice DB is located next to sex body, has a ring-like structure and it is negative in DAPI 
staining. Scml1-deficient mice showed impaired formation of DB as in the vast majority of 
spermatocytes I couldn’t detect any sex body associated DAPI negative spheres. To our 
knowledge SCML1 is the first reported marker to affect the stable formation of DB. Despite 
the fact that DB has been only reported in male spermatocytes a similar structure was also 
stained by SCML1 antibody in female meiocytes suggesting the presence of DB in female 
oocytes. It has been shown that DB is enriched in RNAs (miRNA/piRNA) that potentially 
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could affect and regulate the process of meiosis. Surprisingly, loss of SCML1 and disruption 
of DB formation did not affect gametogenesis, as both male and female Scml1 knockout 
mice were comparably fertile to their wild type littermate controls. Furthermore I didn’t 
observe any defect in the progression of meiosis in Scml1-deficient mice. Overall my data 
suggest that Scml1 protein is crucial for DB formation and despite having a possible role in 
RNA biology during meiosis its functions are not important for gametogenesis.   
In the second part of the present thesis I describe the functions of ANKRD31 protein in 
mammalian meiotic recombination. Immunofluorescence and yeast-two-hybrid experiments 
suggested that ANKRD31 is a member of pre-DSB recombinosomes that are needed for 
DSB formation. Ankrd31-deficient spermatocytes showed altered DSB sites with an 
increased preference in promoter regions. Furthermore they displayed delayed initiation of 
meiotic recombination and were defective in DSB repair. More importantly though sex 
chromosomes fail to recombine and synapse due to the lack of DSBs in the PAR region 
leading Ankrd31-/- spermatocytes to a metaphase arrest. Fertility was differentially affected in 
the two sexes with Ankrd31-/- males being infertile whereas females showed reduced fertility 
in advanced age (>7 months old). Summarizing ANKRD31 exhibits sexually dimorphic role in 
mammalian meiosis and it has a major impact in male meiosis affecting i) targeting of DSB 
machinery in the designated hotspots and ii) recombination and pairing of sex chromosomes.   
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Zusammenfassung 
Die Meiose ist eine spezialisierte Zellteilung bei der haploide Zellen (Gameten) aus diploiden 
Vorläufern entstehen. Im Zuge der Meiose müssen die elterlichen Chromosomen 
(Homologe) sich paarig zusammenfinden, verbinden und später wieder teilen. Die korrekte 
Teilung der Chromosomen hängt dabei von der Rekombination der Chromosomen ab. Zu 
Beginn der Prophase I werden geplante Doppelstrangbrüche (DSB) mittels des Enzyms 
SPO11 im Genom meiotischer Zellen induziert. Die DSBs sind dabei an Hotspot-Punkten 
platziert, die durch die Methyltransferase PRDM9 markiert werden, die wiederum an DNA-
bindende Histone aktiviert wird. Durch die Aktivität bestimmter Enzyme werden an den 
Bruchstellen 5‘-Einzelstrang-DNA-Überhänge erzeugt, welche anschließend mit Hilfe der 
Strangaustauschproteine DMC1 und RAD51 in die DNA-Sequenz des homologen 
Chromosoms einwandern. So wird die Reparatur der DNA-Brüche initiiert und resultiert 
entweder in einem Crossover (durch den wechselseitigen Austausch von DNA) oder als 
Non-Crossover. Crossoverstellen sind Chiasmata zwischen den homologen Chromosomen 
und gewährleisten somit eine korrekte Segregation während der ersten meiotischen Teilung. 
Eine Besonderheit in der männlichen Meiose stellen die Chromosomen X und Y dar, denn 
sie verfügen nur über eine kleine homologe Region, die PAR (Pseudoautosomale Region) 
genannt wird. Auf Grund ihres großen nicht verbundenen Teils müssen diese beiden 
Chromosomen transkriptionell zum Schweigen gebracht werden. Dazu werden sie mit der 
phosphorylisierten Histonvariante H2AX (yH2AX) überdeckt, wodurch der sogenannte 
„Sexbody“ entsteht. Innerhalb der PAR-Region ist die Dichte an DSBs höher als in den 
Autosomen und es wurde gezeigt, dass sich X und Y verzögert verbinden. Trotz allem ist 
wenig darüber bekannt, wie die meiotische Rekombination in der PAR-Region der 
Geschlechtschromosomen reguliert wird. In unmittelbarer Nachbarschaft zum Sexbody 
konnte aber eine Struktur identifiziert werden, die „Dense body“ (DB) genannt wurde. In 
einigen wenigen Beiträgen wird vermutet, dass dieser DB RNAs/Proteine aber keine DNA 
enthält. Seine Rolle während der Meiose blieb allerdings unklar, da keine strukturellen 
Komponenten beschrieben wurden. 
In der vorliegenden Arbeit wird die Rolle von zwei meiotisch exprimierten Genen 
beschrieben. Während eines RNA-Screenings, das in unserer Gruppe durchgeführt wurde, 
konnten verschiedene Gene identifiziert werden, die während der Prophase der ersten 
meiotischen Teilung exprimiert werden. Basierend auf dem Expressionsprofil wählten wir die 
Gene Scml1 (Sex comb on midleg-like 1) und Ankrd31 (Ankyrin repeat domain 31) aus und 
untersuchten ihre Rolle während der Meiose in Säugetieren. 
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Meine Ergebnisse zeigen, dass das Protein SCML1 für die Erzeugung des Dense body (DB) 
nötig ist. In wildtypischen Mäusen ist die DAPI-negative, ringförmige Struktur des DB neben 
dem Sexbody zu finden. Scml1-defiziente Mäuse zeigen dagegen eine gestörte DB-Bildung. 
In der überwiegenden Mehrzahl von Spermatozyten konnte ich keine mit dem Sexbody 
assoziierten DAPI-negativen Bereiche entdecken. Soweit wir wissen ist SCML1 der erste 
nachgewiesene Marker, der die Bildung eines stabilen DB beeinflusst. Obwohl der DB bisher 
nur in männlichen Spermatozyten nachgewiesen wurde, kann in weiblichen Meiozyten eine 
ähnliche Struktur mittels des anti-SCML1-Antikörpers angefärbt werden, was darauf 
schließen lässt, dass es auch in weiblichen Oozyten Dense bodys gibt. Es konnte gezeigt 
werden, dass DBs mit RNAs angereichert sind (miRNA/piRNA). Diese könnten 
möglicherweise den Prozess der Meiose regulieren und beeinflussen. Überraschenderweise 
hatte ein Verlust von SCML1 und eine Störung des DB keinen Einfluss auf die 
Gametogenese als solche, da sowohl männliche als auch weibliche Scml1-Knockout Mäuse 
vergleichsweise fertil blieben wie ihre wildtypischen Wurfgeschwistern, die als Kontrollen 
heran gezogen wurden. Außerdem konnte ich auch keine Störungen während des Verlaufs 
der Meiose in Scml1-defizienten Mäusen beobachten. Insgesamt legen meine Daten nahe, 
dass das Scml1-Protein essentiell ist für die DB-Bildung, dass dessen mögliche Rolle in der 
RNA-Biologie aber während der Meiose keine wichtige Funktion für die Gametogenese 
erfüllt. 
Im zweiten Teil der vorliegenden Arbeit beschreibe ich die Funktion des Proteins ANKRD31 
während der meiotischen Rekombination in Säugetierzellen. Immunofluoreszenz- und Yeast-
two-hybrid-Tests legen nahe, dass ANKRD31 zu den pre-DSB Rekombinosomen gehört und 
für die Bildung von Doppelstrangbrüchen benötigt wird. Ankrd31-defiziente Spermatozyten 
zeigen veränderte DSB-Stellen mit einer verstärkten Affinität zu Promotor-Regionen. 
Weiterhin wird die meiotische Rekombination verzögert eingeleitet und die Reparatur der 
DSBs ist gestört. Wichtiger noch ist, dass es keine Rekombination zwischen den 
Chromosomen X und Y gibt, da sich diese aufgrund fehlender DSBs in der PAR-Region nicht 
verbinden können. Somit wird die meiotische Teilung in Ankrd31-/- Spermatozyten in der 
Metaphase gestoppt. Dadurch ergibt sich eine Unfruchtbarkeit in männlichen Ankrd31-
defizienten Mäusen. Weibliche Ankrd31-/--Mäuse zeigen dagegen lediglich eine reduzierte 
Fruchtbarkeit ab einem Alter von ca. 7 Monaten. Zusammenfassend lässt sich sagen, dass 
AKNRD31 eine geschlechtsabhängige zweigespaltene Rolle während der Meiose in 
Säugetieren aufweist und das es einen bedeutenden Einfluss auf die männliche Meiose 
ausübt in dem 1) die DSB-Maschinerie in den vorgesehenen Hotspots und 2) die 
Rekombination und Verbindung der Geschlechtschromosomen angreift. 
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